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RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. Patent Application No. 
09/567,672, filed May 9, 2000, which claims the benefit of U.S. Provisional Application 
No. 60/133,382, filed May 10, 1999. The entire teachings of both of these applications 
are hereby incorporated herein by reference. 

GOVERNMENT SUPPORT 

The invention was supported, in whole or in part, by a grant R01 DL53298-02 
from the National Institutes of Health. The Government has certain rights in the 
invention. 

BACKGROUND OF THE INVENTION 

Defects in iron absorption and utilization lead to iron deficiency and overload 
disorders. Adult mammals absorb iron through the duodenum, whereas embryos obtain 
iron through placental transport. Iron uptake from the intestinal lumen through the 
apical surface of polarized duodenal enterocytes is mediated by the divalent metal 
transporter, DMT1 (Fleming, M.D., et al, Nature Genet, 16:383-386, 1997; Gunshin, 
H., et al, Nature, 388:482-488, 1997; Andrews, N.C., TV. Engl J. Med., 341:1986-1995, 
1999). A second transporter has been postulated to export iron across the basolateral 
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surface to the circulation. The function of this iron transporting protein may be 
perturbed in mammalian disorders of iron deficiency or overload. Drugs to alter the 
function of this iron transporting protein may be useful to treat such diseases as 
hemochromatosis and some forms of anemia. 

5 SUMMARY OF THE INVENTION 

The invention relates to a number of nucleic acids, wherein the nucleic acids 
have SEQ ID NO:l, 3, 5 or 7 as described herein or the nucleic acids have nucleotide 
sequences related to those given specifically by SEQ ID NO by properties of 
hybridization, or by varying extents of identity, or by varying degrees of similarity as 

10 can be determined by a computer program designed for the purpose of comparing 
nucleotide or amino acid sequences. SEQ ID NO:l is the nucleotide sequence of a 
cDNA encoding a zebrafish ferroportinl ; SEQ ID NO:3 is the nucleotide sequence of a 
cDNA encoding a mouse ferroportinl; SEQ ID NO: 5 is the nucleotide sequence of a 
cDNA encoding a human ferroportinl. SEQ ID NO:7 is the nucleotide sequence of a 

15 genomic DNA comprising the introns and exons of a human ferroportinl gene. Also 
part of the invention are contiguous portions of any of the above nucleic acids, nucleic 
acids encoding any of the amino acid sequences described herein and nucleic acids 
encoding polypeptides which are variants of the Ferroportinl proteins described herein 
by amino acid sequence. Further nucleic acids which are part of the invention are those 

20 encoding a fusion polypeptide comprising a Ferroportinl or a portion of a Ferroportinl . 
Related to the isolated nucleic acids are vectors and host cells comprising 
nucleotide sequences identical to the isolated nucleic acids of the invention. In some 
cases, regulatory sequences can be operably linked to coding regions to allow 
expression of a gene. Such cells can be maintained under conditions in which the gene 

25 is expressed and the encoded polypeptide is produced. The polypeptide can be purified 
by one or more steps to increase the proportion of polypeptide in the milieu of medium 
and material of cellular origin, thereby producing isolated polypeptide. 
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The term regulatory element refers to a genetic element which controls some 
aspect of the expression of nucleic acid sequences. For example, a promoter is a 
regulatory element which facilitates the initiation of transcription of an operably linked 
coding region. Other regulatory elements are splicing signals, polyadenylation signals, 
5 termination signals and enhancers, for instance. 

The invention also includes Ferroportinl proteins, for example, those having 
amino acid sequence SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6, proteins which are 
naturally occurring mutants or variants of those proteins characterized by those specific 
amino acid sequences, and mutants and variants of those proteins identified as having 
10 the specific amino acid sequence SEQ ID NO:2, 4, or 6 that are produced by laboratory 
:j3 manipulations of the nucleic acids encoding a Ferroportinl . Also within the invention 

= 7 are contiguous portions of any of the polypeptides with SEQ ID NO:2, 4, or 6, or 

Uj portions of such mutants or variants of the polypeptides described herein as containing 

fy amino acid substitutions, or described herein as having a certain percent identity or 

15 similarity to another sequence in a comparison. A further embodiment of the invention 
\* is a fusion polypeptide, which can comprise a Ferroportinl of full-length amino acid 

U sequence, as in SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6, or a contiguous portion 

f 5 thereof, or can comprise any of the mutants or variant polypeptides, or portions thereof, 

^ as described herein, for example by their amino acid sequence identity or similarity to 

20 an amino acid sequence identified by SEQ ID NO, or by their activity (e.g., iron 
transport function) or property of binding to antibodies produced by immunizing an 
animal with a Ferroportinl . 

Antibodies that bind to one or more Ferroportinl proteins are also an aspect of 
the invention. Antibodies to a Ferroportinl of one or more species can be produced, for 
25 example, by introducing into an animal which is not the source of the Ferroportinl 
immunogen a Ferroportinl or an immunogenic portion thereof in a suitable medium, 
which can include such substances as stabilizing agents and adjuvant. Other known 
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methods can be used to make hybridomas producing monoclonal antibodies that bind to 
one or more Ferroportinl proteins, as isolated, or as they exist in a cell membrane. 

Other aspects of the invention include methods for identifying agents which bind 
to a Ferroportinl (or to a mutant, variant, Ferroportinl fusion protein or a contiguous 
5 portion of any of the foregoing) by steps that include contacting the agent with the 
isolated protein under conditions appropriate for binding of the agent to the isolated 
protein, and detecting a resulting agent-protein complex. Similar methods can be used 
to identify an agent which is an inhibitor or an enhancer of a function of a Ferroportinl 
protein, where the steps can be the following: (a) combining (1) said isolated protein; 
10 (2) the ligand of said protein; and (3) a candidate agent to be assessed for its ability to 
inhibit interaction between said protein of (1) and the ligand of (2), under conditions 
appropriate for interaction between the said protein of (1) and the ligand of (2); 

(b) determining the extent to which said protein of (1) and the ligand of (2) interact; and 

(c) comparing the extent determined in (b) with the extent to which interaction of said 
15 protein of (1) and the ligand of (2) occurs in the absence of the candidate agent to be 

assessed and under the same conditions appropriate for interaction of said protein of (1) 
with the ligand of (2); wherein if the extent to which interaction of said protein of (1) 
and the ligand of (2) occurs is less in the presence of the candidate agent than in the 
absence of the candidate agent, the candidate agent is an agent which inhibits interaction 

20 between said protein and the ligand of said protein. If greater export of the iron from 
the test cells compared to export of the iron from the control cells is observed, this is 
indicative that the agent is an enhancer of iron export by said protein. An agent can be 
further tested for its effect on a Ferroportinl protein in an animal, if the following steps 
are carried out: a) administering the agent to one or more test animals; b) measuring 

25 exogenously supplied iron in one or more samples of tissue or bodily fluid from said test 
animals; c) measuring exogenously supplied iron in one or more comparable samples of 
tissue or bodily fluid from suitable control animals; and d) comparing the iron of b) with 
the iron of c); whereby, lower iron in step b) than in step c) is indicative that the agent is 
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an inhibitor of said protein. An inhibitor of the iron transport function of a human 
Ferroportinl can be used in a method for treating hemochromatosis in a human, said 
method comprising administering to the human an inhibitor of Ferroportinl iron 
transport function, or such inhibitor can be used in a method for treating a disease or 
5 medical disorder resulting from oxidative damage in a mammal, said method 

comprising administering to the mammal an inhibitor of Ferroportinl iron transport 
function. Enhancers of a Ferroportinl can be used in a method for treating iron 
deficiency anemia in a mammal, said method comprising administering to the mammal 
an enhancer of Ferroportinl iron transport function. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a map of the weh locus showing positional cloning of the weissherbst 
gene. The weh locus is depicted by a thick black bar just distal to the AFLP marker 136. 
Below the map is an enlarged view of the weh locus that depicts the BAC and PAC 

15 genomic clones identified by a chomosomal walk in an analysis of 3873 meioses. 
Genotyping of a total of 1783 meioses from haploid animals and 2090 meioses from 
diploid mutants narrowed the critical interval containing the gene to the PAC clones 
211013 and 170G3. The numbers of recombination events identified on the proximal 
side (circles) and distal side (squares) of the weh locus are indicated. 

20 Figure 2 is an amino acid sequence alignment of zebrafish, human and mouse 

Ferroportinl (FPN1). The initiator methionine in all three species was established by 
the presence of upstream, in- frame stop codons. Shading indicates identical amino 
acids. Bars under sequence indicate predicted transmembrane domains. The mutations 
identified in the weh tp85c and weh thm alleles are indicated by black circles below the 

25 affected amino acids. 

Figure 3 is a bar graph showing the measurement of iron efflux from Xenopus 
oocytes. Oocytes expressing either DMT1 alone or DMT1 and FPN1 were loaded with 
55 Fe by incubation in uptake buffer containing 60 jiM 55 FeCl 2 . Efflux from individual 
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oocytes was measured by incubation of oocytes in 500 \i\ of efflux buffer with or 
without 20 mg/ml apo-transferrin ( - apoTfr and + apoTfr). After efflux, the total 55 Fe 
content of both the efflux solution and the individual oocytes was measured by 
scintillation counting. The data are expressed as an average (n=6) of the ratio of the 
5 pmols of efflux to the pmols of uptake per oocyte. 

DETAILED DESCRIPTION OF THE INVENTION 

Iron is required for many cellular processes, but it can also be toxic when 
present in excess. Thus, iron homeostasis must be strictly maintained. Studies 
described herein employed zebrafish genetics to identify the multiple-transmembrane 

10 domain protein Ferroportinl, an iron export protein. In the mammalian yolk sac and 
placenta, Ferroportinl may play an important conserved role in the transport of iron 
from the maternal to the embryonic circulation. In adults, Ferroportinl is likely to 
function in iron transport at the basolateral surface of duodenal enterocytes. In disorders 
such as iron deficiency or overload, tissues respond by altering normal iron utilization. 

15 Ferroportinl could be involved in the pathophysiology of iron deficiency anemias or 
iron overload syndromes, such as hemochromatosis. 

As described herein, Ferroportinl refers to an evolutionarily conserved family of 
proteins that mediate the transport of iron out of cells. The family includes proteins 
which are conserved at least as widely as from zebrafish to humans and exhibit very 

20 different expression patterns in tissues. Specific embodiments described include 

Ferroportinl proteins from mice, humans and zebrafish which have been shown to be 
functional iron transporters. The term Ferroportinl can refer to other proteins sharing at 
least about 70% sequence similarity, more preferably at least about 80% sequence 
similarity, and still more preferably, at least about 90% sequence similarity, and most 

25 preferably, at least about 95% sequence similarity. 

One aspect of the invention relates to isolated nucleic acids or polynucleotides 
that encode a Ferroportinl as described herein, such as those Ferroportinl proteins 
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having an amino acid sequence SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6 and 
nucleic acids closely related thereto as described herein. 

Using the information provided herein, such as a nucleic acid sequence set forth 
in SEQ ID NO:l, SEQ ID NO:3 or SEQ ID NO:5, a nucleic acid of the invention 
5 encoding a Ferroportinl polypeptide may be obtained using standard cloning and 
screening methods, such as those for cloning and sequencing cDNA library fragments, 
followed by obtaining a full length clone. For example, to obtain a nucleic acid of the 
invention, a library of clones of cDNA of a species of animal can be probed with a 
labeled oligonucleotide, such as a radiolabeled oligonucleotide, preferably about 17 

10 nucleotides or longer, derived from a partial sequence. Clones carrying DNA identical 
to that of the probe can then be distinguished using stringent (also, "high stringency") 
hybridization conditions. By sequencing the individual clones thus identified with 
sequencing primers designed from the original sequence it is then possible to extend the 
sequence in both directions to determine the full length sequence. Suitable techniques 

15 are described, for example, in Current Protocols in Molecular Biology (F.M. Ausubel et 
al. 9 eds.), containing supplements through Supplement 49, 2000, John Wiley and Sons, 
Inc., especially chapters 5, 6 and 7. 

Embodiments of the invention include isolated nucleic acid molecules 
comprising any of the following nucleotide sequences: 7.) a nucleotide sequence which 

20 encodes a protein comprising the amino acid sequence of human Ferroportinl (SEQ ID 
NO:6), the amino acid sequence of mouse Ferroportinl (SEQ ID NO:4), or the amino 
acid sequence of zebrafish Ferroportinl (SEQ ED NO:2); 2.) nucleotide sequences of 
human ferroportinl, mouse ferroportinl, or zebrafish ferroportinl; 3.) a nucleotide 
sequence which is complementary to the nucleotide sequence of human ferroportinl 

25 (SEQ ID NO:5), mouse ferroportinl (SEQ ID NO:3), zdbmfxsh ferroportinl (SEQ ID 
NO:l); 4.) a nucleotide sequence which consists of the coding region of human 
ferroportinl (within SEQ ID NO:5), the coding region of mouse ferroportinl (within 
SEQ ID NO:3), or the coding region of zebrafish ferroportinl (within SEQ ID NO:l). 
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The invention further relates to nucleic acids (nucleic acid molecules or 
polynucleotides) having nucleotide sequences identical over their entire length to SEQ 
ID NO: 1 , SEQ ID NO:3 or SEQ ID NO: 5. It further relates to DNA, which due to the 
degeneracy of the genetic code, encodes a Ferroportinl protein whose amino acid 
5 sequence is provided herein. Also provided by the invention are nucleic acids having 
the coding sequences for the mature polypeptides or fragments in reading frame with 
other coding sequences, such as those encoding a leader or secretory sequence, a pre-, or 
pro- or prepro- protein sequence. The nucleic acids of the invention encompass nucleic 
acids that include a single continuous region or discontinuous regions encoding the 

10 polypeptide, together with additional regions, that may also contain coding or non- 
coding sequences. The nucleic acids may also contain non-coding sequences, 
including, for example, but not limited to, non-coding 5' and 3' sequences, such as the 
transcribed, non-translated sequences, termination signals, ribosome binding sites, 
sequences that stabilize mRNA, introns, polyadenylation signals, and additional coding 

15 sequences which encode additional amino acids. 

The nucleic acid molecules of the invention can comprise, in addition to 
sequences identified by SEQUD NO or sequences related to these by variations and by 
hybridization as described herein, other sequences encoding unrelated (heterologous - 
that is, with insignificant seqiience similarity to a Ferroprotinl) polypeptides or 

20 peptides. These peptides or polypeptides can be whole proteins, as occur naturally or as 

E/y 

/ have been modified by designl Together, the nucleic acid sequences make up genes for 

hybrid or fusion proteins. For example, an unrelated marker sequence that facilitates 
purification (e.g., by affinity column) of the fused polypeptide can be encoded. In 
certain embodiments of the invention, the marker sequence can be a hexa-histidine 
25 peptide, as provided in the pQH vector (Qiagen, Inc.) and described in Gentz et al, 
Proa Natl. Acad Sci. USA 86: 821-824 (1989), or an HA tag (Wilson et al, Cell 37: 
767 (1984)), or a sequence encoding glutathione S-transferase of Schistosoma 
japonicum (vectors available from Pharmacia; see Smith, D.B. and Johnson K.S., Gene 
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57:31 (1988) andfcaelin, W.G. etal, Cell 70:351 (1992)). For additional applications, 
the unrelated nucneic acid sequence can encode a peptide or polypeptide which is 
immunogenic or/which enhances the immunogenicity of the fusion protein or 
polypeptide. Nucleic acids of the invention also include, but are not limited to, nucleic 
5 acids comprising a structural gene and its naturally associated sequences that control 
gene expressic 

The invention further relates to variants, including naturally-occurring allelic „ 
variants, of those nucleic acids described specifically herein by DNA sequence, that 
encode variants of such polypeptides as those having the amino acid sequences SEQ ED 
10 NO:2, SEQ ID NO:4 or SEQ ID NO:6. Such variants include nucleic acids encoding 
variants of the above- listed amino acid sequences, wherein those variants have several, 
such as 5 to 10, 1 to 5, or 3, 2 or 1 amino acids substituted, deleted, or added, in any 
combination. Variants include polynucleotides encoding polypeptides with at least 95% 
but less than 100% amino acid sequence identity to the polypeptides described herein by 
1 5 amino acid sequence. Variant polynucleotides hybridize, under low to high stringency 
conditions, to the alleles described specifically herein by DNA sequence. In one 
embodiment, variants have silent substitutions, additions and deletions that do not alter 
the properties and activities of the Ferroportinl . Allelic variants of the polynucleotides 
encoding human Ferroportinl (SEQ ID NO:5), mouse Ferroportinl (SEQ ID NO:3), and 
20 zebrafish Ferroportinl (SEQ ID NO:l) will be identified as mapping to chromosomal 
locations corresponding to the chromosomal locations of the wild type genes. 

Orthologous genes are gene loci in different species that are sufficiently similar 
to each other in their nucleotide sequences to suggest that they originated from a 
common ancestral gene. Orthologous genes arise when a lineage splits into two species, 
25 rather than when a gene is duplicated within a genome. Proteins that are orthologs are 
encoded by genes of two different species, wherein the genes are said to be orthologous. 

The invention further relates to polynucleotides encoding polypeptides which 
are orthologous to those polypeptides having a specific amino acid sequence described 
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herein, such as the amino acid sequences (SEQ ID N0:2), (SEQ ID N0:4), and (SEQ ID 
N0:6). These polynucleotides, which can be called ortholog polynucleotides, encode 
orthologous polypeptides that can range in amino acid sequence identity to a reference 
amino acid sequence described herein, from about 65% to less than 100%, but 
5 preferably 70% to 80%, more preferably 80% to 90%, and still more preferably 90% to 
less than 100%. Orthologous polypeptides can also be those polypeptides that range in 
amino acid sequence similarity to a reference amino acid sequence described herein 
from about 75% to 100%. The ortholog polynucleotides encode polypeptides that have 
similar functional characteristics (e.g., iron transport activity) and similar tissue 
10 distribution, as appropriate to the organism from which the ortholog polynucleotides can 
be isolated. 

t£ss- 

= ? Ortholog polynucleotides can be isolated from (e.g., by cloning or nucleic acid 

Z""~ 

Ul amplification methods) a great number of species, as shown by the sample of 

ffj Ferroportinl proteins from evolutionarily divergent species described herein. Ortholog 

^ 1 5 polynucleotides corresponding to SEQ ID NO: 1 , SEQ ID NO:3, and SEQ ID NO:5 are 

f 8 * those which can be isolated from mammals such as rat, dog, chimpanzee, monkey, 

M- baboon, pig, rabbit and guinea pig, for example. 

f2 Further variants that are fragments of the nucleic acids of the invention may be 

^ used to synthesize full-length nucleic acids of the invention, such as by use as primers in 

20 a polymerase chain reaction. As used herein, the term primer refers to a single-stranded 
oligonucleotide which acts as a point of initiation of template-directed DNA synthesis 
under appropriate conditions (e.g., in the presence of four different nucleoside 
triphosphates and an agent for polymerization, such as DNA or RNA polymerase or 
reverse transcriptase) in an appropriate buffer and at a suitable temperature. The 
25 appropriate length of a primer depends on the intended use of the primer, but typically 
ranges from 15 to 30 nucleotides. Short primer molecules generally require cooler 
temperatures to form sufficiently stable hybrid complexes with the template. A primer 
need not reflect the exact sequence of the template, but must be sufficiently 
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complementary to hybridize with a template. The term primer site refers to the area of 
the target DNA to which a primer hybridizes. The term primer pair refers to a set of 
primers including a 5 ! (upstream) primer that hybridizes with the 5* end of the DNA 
sequence to be amplified and a 3 ? (downstream) primer that hybridizes with the 
5 complement of the 3' end of the sequence to be amplified. 

Further embodiments of the invention are nucleic acids that are at least 80% 
identical over their entire length to a nucleic acid described herein, for example a 
nucleic acid having the nucleotide sequence in SEQ ID NO:l, SEQ ID NO:3, and SEQ 
ID NO:5. Additional embodiments are nucleic acids, and the complements of such 

10 nucleic acids, having at least 90% nucleotide sequence identity to the above-described 
sequences, and nucleic acids having at least 95% nucleotide sequence identity. In 
preferred embodiments, DNA of the present invention has 97% nucleotide sequence 
identity, 98% nucleotide sequence identity, or at least 99% nucleotide sequence identity 
with the DNA whose sequences are presented herein. 

1 5 Other embodiments of the invention are nucleic acids that are at least 80% 

identical in nucleotide sequence to a nucleic acid encoding a polypeptide having an 
amino acid sequence as set forth in SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6, and 
nucleic acids that are complementary to such nucleic acids. Specific embodiments are 
nucleic acids having at least 90% nucleotide sequence identity to a nucleic acid 

20 encoding a polypeptide having an amino acid sequence as described in the list above, 
nucleic acids having at least 95% sequence identity, and nucleic acids having at least 
97% sequence identity. Also included in the invention are nucleic acid molecules 
comprising at least 80%, 90%, 95%, or 97% of the coding region of any of SEQ ID NOs 
1, 3 or 5. 

25 The terms "complementary" or "complementarity" as used herein, refer to the 

natural binding of polynucleotides under permissive salt and temperature conditions by 
base-pairing. Complementarity between two single-stranded molecules may be "partial" 
in which only some of the nucleic acids bind, or it may be complete when total 
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complementarity exists between the single-stranded molecules (that is, when A-T and 
G-C base pairing is 100% complete). The degree of complementarity between nucleic 
acid strands has significant effects on the efficiency and strength of hybridization 
between nucleic acid strands. This is of particular importance in amplification 
5 reactions, which depend on binding between nucleic acid strands. 

The invention further includes nucleic acids that hybridize to the above- 
described nucleic acids, especially those nucleic acids that hybridize under stringent 
hybridization conditions. Preferred nucleic acid molecules meeting these hybridization 
criteria also encode a polypeptide having an iron transport function. "Stringent 
10 hybridization conditions" or "high stringency conditions" generally occur within a range 
from about T m minus 5°C (5° C below the strand dissociation temperature or melting 
'y temperature (T m ) of the probe nucleic acid molecule) to about 20° C to 25° C below T m . 

m As will be understood by those of skill in the art, the stringency of hybridization may be 

altered in order to identify or detect molecules having identical or related polynucleotide 
^ 15 sequences. An example of high stringency hybridization follows. Hybridization 

M= solution is (6x SSC/10 mM EDTA/0.5% SDS/5x Denhardt ? s solution/100 jig/ml sheared 

L and denatured salmon sperm DNA). Hybridization is at 64-65°C for 16 hours. The 

hybridized blot is washed two times with 2x SSC/0.5% SDS solution at room 
O temperature for 15 minutes each, and two times with 0.2x SSC/0.5% SDS at 65°C, for 

20 one hour each. Further examples of high stringency conditions can be found on pages 
2.10.1-2.10.16 (see particularly 2.10.8-11) and pages 6.3.1-6 in Current Protocols in 
Molecular Biology (Ausubel, F.M. et al., eds., containing supplements up through 
Supplement 49, 2000). Examples of high, medium, and low stringency conditions can 
be found on pages 36 and 37 of WO 98/40404, which are incorporated herein by 
25 reference. 

The invention further relates to nucleic acids obtainable by screening an 
appropriate library with a probe having a nucleotide sequence such as that set forth in 
SEQ ID NO: 1, SEQ ID NO:3, and SEQ ID NO:5, or a probe which consists of the 
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coding region of any of these SEQ CD NOs, or a probe which is a sufficiently long 
fragment of any of the above; and isolating the nucleic acid. Such probes generally can 
comprise at least 15 nucleotides. Nucleic acids obtainable by such screenings may 
include RNAs, cDNAs and genomic DNA, for example, encoding iron transport 
5 proteins of the Ferroportinl protein family described herein. 

Other nucleic acid embodiments are those comprising a nucleotide sequence 
encoding a contiguous portion of a polypeptide represented as having amino acid 
sequence SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6, wherein the portion is at least 
about 15 amino acids long, but can alternatively be at least 30 amino acids long or 60 

10 amino acids long. The portion can be derived from amino acid sequence at the N- 
terminal, C- terminal or internal regions of SEQ ID NOs 2, 4 or 6. 

Further uses for the nucleic acid molecules of the invention, whether encoding a 
full-length Ferroportinl protein or whether comprising a contiguous portion of a nucleic 
acid molecule such as one given in SEQ ID NO:l, 3 or 5, include use as markers for 

15 tissues in which the encoded protein is preferentially expressed (to identify 

constitutively expressed proteins or proteins produced at a particular stage of tissue 
differentiation or stage of development of a disease state); as molecular weight markers 
on southern gels; as chromosome markers or tags (when labeled, for example with 
biotin, a radioactive label or a fluorescent label) to identify chromosomes or to map 

20 related gene positions; to compare with endogenous DNA sequences in a mammal to 
identify potential genetic disorders; as probes to hybridize and thus identify, related 
DNA sequences; as a source of information to derive PCR primers for genetic 
fingerprinting; as a probe to "subtract-out 1 ' known sequences in the process of 
discovering other novel nucleic acid molecules; for selecting and making oligomers for 

25 attachment to a "gene chip" or other support, to be used, for example, for examination 
of expression patterns in embryonic development or in organs of an animal at a 
particular developmental stage. 
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Further methods to obtain nucleic acids encoding Ferroportinl proteins include 
PCR and variations thereof (e.g., "RACE" PCR and semi-specific PCR methods). 
Portions of the nucleic acids having a nucleotide sequence set forth in SEQ ID NO:l, 
SEQ ED NO:3 or SEQ ID NO:5, (especially "flanking sequences" on either side of a 
5 coding region) can be used as primers in methods using the polymerase chain reaction, 
to produce DNA from an appropriate template nucleic acid. 

Once a fragment of the ferroportinl gene is generated by PCR, it can be 
sequenced, and the sequence of the product can be compared to other DNA sequences, 
for example, by using the BLAST Network Service at the National Center for 
10 Biotechnology Information. The boundaries of the open reading frame can then be 
% identified using semi-specific PCR or other suitable methods such as library screening. 

y Once the 5' initiator methionine codon and the 3' stop codon have been identified, a 

HI PCR product encoding the full-length gene can be generated using cDNA as a template 

(the cDNA being generated from mRNA), with primers complementary to the extreme 
^ 15 5' and 3' ends of the gene or to their flanking sequences. The full-length genes can then 

M be cloned into expression vectors for the production of functional proteins. t 

In some embodiments of the invention, the nucleic acid molecules can be 
2f modified at the base moiety, sugar moiety or phosphate backbone to change the 

O stability, hybridization or solubility properties of the molecules. For example, the 

20 deoxyribose phosphate backbone of the nucleic acids can be modified to generate 

peptide nucleic acids, or PNAs (Hyrup et al, Bioorganic and Medicinal Chemistry 4 :5- 
23, 1996). PNAs are nucleic acid mimics in which the deoxyribose phosphate backbone 
is replaced by a pseudopeptide backbone and only the four natural nucleobases are 
retained. The neutral backbone of PNAs has been shown to allow for specific 
25 hybridization to DNA and RNA under conditions of low ionic strength. The synthesis 
of PNA oligomers can be performed using standard solid phase peptide synthesis 
protocols as described by Hyrup et al (1996) and Perry-O'Keefe et al, Proc. Natl 
Acad. Sci. USA 93: 14670-14675, 1996. PNAs can be used in place of nucleic acids for 
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some applications, for example, as probes or primers for DNA sequence analysis and 
hybridization., or as antisense agents for sequence-specific modulation of gene 
expression. 

Nucleic acid molecules of the present invention can be incorporated into various 
5 constructs (e.g., plasmids, bacteriophages, viruses, artificial chromosomes) and 

incorporated into host cells in these constructs or in one or more chromosomes of the 
host cell, for example, for further manipulation of the sequences or for production of an 
encoded polypeptide under suitable conditions for the growth or maintenance of the 
cells. 

10 A host cell is a cell, or a descendant thereof, which has been transfected by an 

exogenous DNA sequence using methods within the skill of those in the art. See, e.g., 
Graham et al (1973) Virology 52:456, Sambrook et al (1989) Molecular Cloning: a 
Laboratory Manual, Cold Spring Harbor Laboratories, New York, Davis et al (1986) 
Basic Methods in Molecular Biology, Elsevier, and Chu et al (1981) Gene 13:197. 

15 More particularly, there are two major steps in transfection: first, the exogenous DNA 
must traverse the recipient (host) cell plasma membrane in order to be exposed to the 
cell's transcription and replication machinery; and second, the DNA must either become 
stably integrated into the host cell genome, or be capable of extra-chromosomal 
replication at a sufficient rate. A number of transfection methods have been described 

20 in the art, such as calcium phosphate co-precipitation (Graham et al (1973) Virol 
52:456-467), direct micro-injection into cultured cells (Capecchi, M. R. (1980) Cell 
22:479-488), electroporation (Shigekawa et al (1988) BioTechniques 6:742-751), 
liposome mediated gene transfer (Mannino et al (1988) BioTechniques 6:682-690), 
lipid-mediated transfection (Feigner et al (1987) Proc. Natl Acad, Sci. USA 

25 84:7413-7417), and nucleic acid delivery using high-velocity microprojectiles (Klein et 
al (1987) Nature 327:70-73). 

The invention also relates to isolated proteins or polypeptides such as those 
encoded by nucleic acids of the present invention. Isolated proteins can be purified 
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from a natural source or can be made recombinantly. Proteins or polypeptides referred 
to herein as "isolated" are proteins or polypeptides that exist in a state different from the 
state in which they exist in cells in which they are normally expressed in an organism, 
and include proteins or polypeptides obtained by methods described herein, similar 
5 methods or other suitable methods, and also include essentially pure proteins or 
polypeptides, proteins or polypeptides produced by chemical synthesis or by 
combinations of biological and chemical methods, and recombinant proteins or 
polypeptides which are isolated. Thus, the term "isolated" as used herein, indicates that 
the polypeptide in question exists in a physical milieu distinct from that in which it 

10 occurs in nature. Thus, "isolated" includes existing in membrane fragments and 

vesicles, membrane fractions, liposomes, lipid bilayers and other artificial membrane 
systems. An isolated Ferroportinl may be substantially isolated with respect to the 
complex cellular milieu in which it naturally occurs, and may even be purified 
essentially to homogeneity, for example as determined by PAGE or column 

15 chromatography (for example, HPLC), but may also have further cofactors or molecular 
stabilizers, such as detergents, added to the purified protein to enhance activity. In one 
embodiment, proteins or polypeptides are isolated to a state at least about 75% pure; 
more preferably at least about 85% pure, and still more preferably at least about 95% 
pure, as determined by Coomassie blue staining of proteins on SDS-polyacrylamide 

20 gels. Proteins or polypeptides referred to herein as "recombinant" are proteins or 
polypeptides produced by the expression of recombinant nucleic acids. 

"Polypeptide" as used herein indicates a molecular chain of amino acids and 
does not refer to a specific length of the product. Thus, peptides, oligopeptides and 
proteins are included within the definition of polypeptide. This term is also intended to 

25 include polypeptide that have been subjected to post-expression modifications such as, 
for example, glycosylations, acetylations, phosphorylations and the like. 

In a preferred embodiment, an isolated polypeptide comprising a Ferroportinl, a 
functional portion thereof, or a functional equivalent of the Ferroportinl, has at least one 
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function characteristic of a Ferroportinl, for example, transport activity, binding 
function (e.g., a domain which binds to a cofactor), or antigenic function (e.g., binding 
of antibodies that also bind to a naturally-occurring Ferroportinl, as that function is 
found in an antigenic determinant). Functional equivalents can have activities that are 
5 quantitatively similar to, greater than, or less than, the reference protein. These proteins 
include, for example, naturally occurring Ferroportinl proteins that can be purified from 
tissues in which they are produced (including polymorphic or allelic variants), variants 
(e.g., mutants) of those proteins and/or portions thereof. Such variants include mutants 
differing by the addition, deletion or substitution of one or more amino acid residues, or 

10 modified polypeptides in which one or more residues are modified, and mutants 

comprising one or more modified residues. The portions of the invention also include 
isolated polypeptides encoded by a nucleic acid molecule, wherein said nucleic acid 
molecule hybridizes to a complement of any of SEQ ID NO:l, SEQ ID NO:3 or SEQ ID 
NO:5 under high stringency conditions. Portions or fragments of a Ferroportinl can 

15 range in size from ten amino acid residues to the entire amino acid sequence minus one 
amino acid. An isolated polypeptide comprising a functional portion of a Ferroportinl 
can comprise at least 10 amino acid residues of a cytoplasmic or extracellular domain of 
a Ferroportinl. 

The isolated proteins of the invention preferably include mammalian iron 
20 transport proteins of the Ferroportinl family of homologous proteins. In preferred 

embodiments, the extent of amino acid sequence identity between a polypeptide having 
one of the amino acid sequences SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6, and the 
respective functional equivalents of these polypeptides is at least about 80% or 88%. In 
other embodiments, the degree of amino acid sequence identity between a Ferroportinl 
25 and its respective functional equivalent is at least about 91%, at least about 94%, or at 
least about 97%. 

The polypeptides of the invention also include those Ferroportinl proteins 
encoded by polynucleotides which are orthologous to those polynucleotides, the 
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sequences of which are described herein in whole or in part. Ferroportinl proteins 
which are orthologs to those described herein by amino acid sequence, in whole or in 
part, are, for example, Ferroportinl proteins of dog, rat, chimpanzee, monkey, rabbit, 
guinea pig, baboon and pig, and are also embodiments of the invention. 
5 To determine the percent identity of two amino acid sequences or of two nucleic 

acid sequences, the sequences are aligned for optimal comparison. In the simplest 
concept of identity, two nucleic acid sequences or two amino acid sequences are 
compared after aligning them for the maximum number of matches at the same position, 
without the introduction of any gaps. In a somewhat more complex concept of identity, 

10 the sequences are aligned and gaps can be introduced in one or both of a first and a 

second amino acid or nucleic acid sequence for optimal alignment, and non-homologous 
(dissimilar) sequences can be disregarded for comparison purposes. In a preferred 
embodiment, the length of a reference sequence aligned for comparison purposes is at 
least 30%, preferably at least 40%, more preferably at least 50%, even more preferably 

15 at least 60%, and even more preferably at least 70%, 80%, or 90% of the length of the 
reference sequence. The amino acid residues or nucleotides at corresponding amino 
acid positions or nucleotide positions are then compared. When a position in the first 
sequence is occupied by the same amino acid residue or nucleotide as the corresponding 
position in the second sequence, then the molecules are identical at that position. The 

20 percent identity between the two sequences is a function of the number of identical 
positions shared by the sequences, taking into account the number of gaps, and the 
length of each gap, which need to be introduced for optimal alignment of the two 
sequences. 

The invention also encompasses polypeptides having a lower degree of identity 
25 but having sufficient similarity in terms of structure and chemical characteristics so as to 
perform one or more of the same functions performed by the polypeptides described 
herein by amino acid sequence. Similarity for a polypeptide is determined by amino 
acid substitutions, which can be conservative amino acid substitutions. For example, 
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the invention encompasses polypeptides with at least one conservative amino acid 
substitution. Conservative substitutions are those that replace a given amino acid 
residue in a polypeptide with another amino acid residue of like characteristics. 
Conservative substitutions are likely to be phenotypically silent. Typically seen as 
5 conservative substitutions are the replacements, one for another, among the aliphatic 
amino acids Ala, Val, Leu, and He; interchange of the hydroxyl residues Ser and Thr, 
exchange of the acidic residues Asp and Glu, substitution between the amide residues 
Asn and Gin, exchange of the basic residues Lys and Arg and replacements among the 
aromatic residues Phe, Tyr and Trp. Guidance concerning which amino acid changes 
10 are likely to be phenotypically silent is found in Bowie et al, Science 247:1306-1310 
(1990). 
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TABLE: Conservative Amino Acid Substitutions 



Aromatic 




Phenylalanine 








I ryptopnan 








Tyrosine 




Hydrophobic 




Leucine 








Isoleucine 








Valine 




Polar 




Glutamine 








Asparagine 




Basic 




Arginine 








Lysine 








TT* a.' J * 

Histidme 




Acidic 




Aspartic Acid 








Glutamic Acid 




Small 




Alanine 








Serine 








Threonine 








Methionine 








Glycine 





The comparison of sequences and determination of percent similarity between 
two sequences can be accomplished using a mathematical algorithm. (Computational 




10 Molecular Biology, Lesk, A.M.,ed., Oxford University Press, New York, 1988; 

Biocomputing: Informatics and Genome Projects, Smith, D.W., ed., Academic Press, 
New York, 1993; Compute* Analysis of Sequence Data, Part 7, Griffin, A.M., and 
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Griffin, H.G., eds., Hun^na Press, New Jersey, 1994; Sequence Analysis in Molecular 
Biology, von Heinje, G.,lAcademic Press, 1987; and Sequence Analysis Primer, 
Gribskov, M. and Devereaux, J., eds., M. Stockton Press, New York, 1991). In a 
preferred embodiment, the percent similarity between two amino acid sequences is 
5 determined using the Needleman and Wunsch (J. Mol Biol. (48):444-453 (1970)) 

algorithm which has been incorporated into the GAP program in the Wisconsin Package 
Version 10.0, Genetics Computer Group (GCG), Madison, WI (see 
http://www.gcg.com), using! for example a PAM250 matrix, and a gap weight of 16, 14, 
12, 10, 8, 6, or 4 and a length weight of 1, 2, 3, 4, 5, or 6. In yet another preferred 
10 embodiment, the percent similarity between two nucleotide sequences is determined 
using the GAP program in the Wisconsin Package (Devereux, J., et aL y Nucleic Acids 
Res. 12(1):3S7 (1984)) (available at http://www.gcg.com), using a NWSgapdna.CMP 
matrix and a gap weight of 401 50, 60, 70, or 80 and a length weight of 1, 2, 3, 4, 5, or 6. 
In another embodiment, the percent similarity between two amino acid or nucleotide 
15 sequences is determined using the algorithm of E. Meyers and W. Miller (CABIOS, 
4:1 1-17 (1989)) which has beenuncorporated into the ALIGN program (version 2.0), 
using a PAM120 weight residue\lable, a gap length penalty of 12 and a gap penalty of 4. 

The nucleic acidsknd protein sequences of the present invention can further be 
used as a "query sequencer to perform a search against databases to, for example, 
20 identify other family memoers or related sequences. Such searches can be performed 
using the BLASTN, BLASTP, BLASTX, TBLASTN, TBLASTX programs (version 
2.0) or PSI-BLAST 2.1 programs based on Altschul, et al (J. Mol. Biol. 275:403-10 
(1990)). BLAST nucleotide searches can be performed with the BLASTN program, for 
example, with default parameters matrix = BIOSUM62, gap existence cost = 1 1, per 
25 residue gap cost = 1, lambda ratio = 0.85, filtered, to obtain nucleotide sequences 

homologous to (with calculatably significant similarity to) the nucleic acid molecules of 
the invention. BLAST prolein searches can be performed with the BLASTP program, 
for example, with default p arameters scoring matrix = BIOSUM62, word size = 3, E 
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11,1 and alignments = 50, to obtain amino acid sequences 
eins of the invention. To obtain gapped alignments for 
i Japped BLAST can be utilized as described in Altschul et al, 
17):3389-3402 (1997)). When utilizing BLAST and gapped 
5 BLAST programs, the default parameters of the respective programs (e.g., XBLAST 
and NBLAST) can be used. See http://www.ncbi.nlm.nih.gov/ BLAST/. 

Within the invention are isolated nucleic acid molecules having at least 80%, 
85%, 90%, 95% and 97% sequence similarity to a nucleic acid encoding a polypeptide 
comprising the amino acid sequence SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6. 
10 Also within the invention are isolated nucleic acid molecules which hybridize under 
high stringency conditions to nucleic acid consisting of the coding regions of SEQ ID 
NO:2, SEQ ID NO:4 or SEQ ID NO:6. 

The invention further relates to fusion proteins, comprising a Ferroportinl or 
functional portion thereof (as described above) as a first moiety, linked to second moiety 
15 or to multiple moieties not occurring in the Ferroportinl as found in nature. Thus, a 
second moiety can be an amino acid, peptide or polypeptide. The second moiety can be 
in an N-terminal location, C-terminal location or internal to the fusion protein, or 
multiple heterologous moieties can be in multiple locations. In one embodiment, the 
fusion protein comprises a Ferroportinl or portion thereof having iron transport function 
20 as the first moiety, and a second moiety comprising a linker sequence and an affinity 
ligand. Fusion proteins can be produced by a variety of methods. For example, a fusion 
protein can be produced by the insertion of a ferroportinl gene or portion thereof into a 
suitable expression vector, such as Bluescript SK +/- (Stratagene), pGEX-4T-2 
(Pharmacia), pET-24(+) (Novagen), or vectors of similar construction. The resulting 
25 construct can be introduced into a suitable host cell for expression. Upon expression, 
fusion protein can be purified from cells by means of a suitable affinity matrix (See e.g., 
Current Protocols in Molecular Biology, Ausubel, F.M. et ai, eds., Vol. 2, pp. 16.4.1- 
16.7.8, containing supplements up through Supplement 49, 2000). 
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The invention also relates to enzymatically produced, synthetically produced, or 
recombinant^ produced portions of a Ferroportinl protein. Portions of a Ferroportinl 
can be made which have full or partial function on their own, or which when mixed 
together (though fully, partially, or nonfunctional alone), spontaneously assemble with 
5 one or more other polypeptides to reconstitute a functional protein having at least one 
function characteristic of a Ferroportinl. 

Fragments of a Ferroportinl can be produced by direct peptide synthesis, for 
example those using solid-phase techniques (Roberge, J.Y. et al, Science 269:202-204 
(1995); Merrifield, J., J. Am. Chem. Soc. 55:2149-2154 (1963)). Peptide or polypeptide 
10 synthesis can be performed using manual techniques or by automation. Automated 
synthesis can be carried out using, for instance, an Applied Biosystems 431 A Peptide 
Synthesizer (Perkin Elmer). Various fragments of a Ferroportinl can be synthesized 
separately and combined using chemical methods. 

One aspect of the invention is a peptide or polypeptide having the amino acid 
1 5 sequence of a portion of a Ferroportinl protein which is hydrophilic rather than 

hydrophobic, and ordinarily can be detected as facing the outside of the cell membrane. 
Such a peptide or polypeptide can be thought of as being an extracellular domain of the 
Ferroportinl, or a mimetic of said extracellular domain. Peptides or polypeptides 
comprising at least 10 amino acid residues of a cytoplasmic or extracellular domain of 
20 human, mouse or zebrafish Ferroportinl can be synthesized. 

The term "mimetic" as used herein, refers to a molecule, the structure of which 
is developed from knowledge of the structure of the Ferroportinl of interest, or one or 
more portions thereof, and, as such, is able to effect some or all of the functions of a 
Ferroportinl. 

25 Portions of a Ferroportinl can be prepared by enzymatic cleavage of the isolated 

protein, or can be made by chemical synthesis methods. Portions of a Ferroportinl can 
also be made by recombinant DNA methods in which restriction fragments, or 
fragments that may have undergone further enzymatic processing, or synthetically made 
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DNAs are joined together to construct an altered ferroportinl gene. The gene can be 
made such that it encodes one or more desired portions of a Ferroportinl. These 
portions of Ferroportinl can be entirely homologous to a known Ferroportinl, or can be 
altered in amino acid sequence relative to naturally occurring Ferroportinl proteins to 
5 enhance or introduce desired properties such as solubility, stability, or affinity to a 
ligand. A further feature of the gene can be a sequence encoding an N-terminal signal 
peptide directed to the plasma membrane. 

Another aspect of the invention relates to a method of producing a Ferroportinl 
protein, variants or portions thereof, and to expression systems and host cells containing 
1 0 a vector appropriate for expression of a Ferroportinl protein. 

Cells that express a Ferroportinl, a variant or a portion thereof, or an ortholog of 
a Ferroportinl described herein by amino acid sequence, can be made and maintained in 
culture, under conditions suitable for expression, to produce protein in the cells for cell- 
based assays, or to produce protein for isolation. These cells can be procaryotic or 
1 5 eucaryotic. Examples of procaryotic cells that can be used for expression include 

Escherichia coli, Salmonella typhimurium and Bacillus subtilis. Examples of eucaryotic 
cells that can be used for expression include yeasts such as Saccharomyces cerevisiae, 
Schizosaccharomyces pornbe, Pichia pastoris and other lower eucaryotic cells, and cells 
of higher eucaryotes such as those from insects and mammals, such as primary cells and 
20 cell lines such as CHO, HeLa, 3T3, BHK, COS, human kidney 293 and Jurkat cells. 
(See, e.g., Ausubel, F.M. et al. f eds. Current Protocols in Molecular Biology, Greene 
Publishing Associates and John Wiley & Sons, Inc., containing Supplements up 
through Supplement 49, 2000)). 

In one embodiment, host cells that produce a recombinant Ferroportinl, or a 
25 portion thereof, a variant, or an ortholog of a Ferroportinl described herein by amino 
acid sequence, can be made as follows. A gene encoding a Ferroportinl, variant or a 
portion thereof can be inserted into a nucleic acid vector, e.g., a DNA vector, such as a 
plasmid, phage, cosmid, phagemid, virus, virus-derived vector (e.g., SV40, vaccinia, 
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adenovirus, fowl pox virus, pseudorabies viruses, retroviruses) or other suitable 
replicon, which can be present in a single copy or multiple copies, or the gene can be 
integrated in a host cell chromosome. A suitable replicon or integrated gene can contain 
all or part of the coding sequence for a Ferroportinl or variant, operably linked to one or 
5 more expression control regions whereby the coding sequence is under the control of 
transcription signals and linked to appropriate translation signals to permit translation. 
The vector can be introduced into cells by a method appropriate to the type of host cells 
(e.g., transfection, electroporation, infection). For expression from the Ferroportinl 
gene, the host cells can be maintained under appropriate conditions (e.g., in the presence 

10 of inducer, normal growth conditions, etc.). Proteins or polypeptides thus produced can 
be recovered (e.g., from the cells, as in a membrane fraction, from the periplasmic space 
of bacteria, from culture medium) using suitable techniques. Appropriate membrane 
targeting signal peptides may be incorporated into the expressed polypeptide. These 
signals may be endogenous to the polypeptide or they may be heterologous signal 

1 5 peptides that do no naturally occur with a Ferroportinl . 

Polypeptides of the invention can be recovered and purified from cell cultures 
(or from their primary cell source) by well-known methods including ammonium sulfate 
or ethanol precipitation, acid extraction, anion or cation exchange chromatography, 
phosphocellulose chromatography, hydrophobic interaction chromatography, affinity 

20 chromatography, hydroxylapatite chromatography and high performance liquid 

chromatography. Known methods for refolding protein can be used to regenerate active 
conformation if the polypeptide is denatured during isolation or purification. 

The host cells of the invention can be used to produce nonhuman transgenic 
animals. For example, in one embodiment, a host cell of the invention is a fertilized 

25 oocyte or an embryonic stem cell into which Ferroportinl coding sequences have been 
introduced. Such host cells can then be used to create non-human transgenic animals in 
which exogenous ferroportinl sequences have been introduced into their genome, or 
homologous recombinant animals in which endogenous ferroportinl sequences have 
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been altered. Such animals are useful for studying the function and/or activity of 
Ferroportinl, and for identifying and/or evaluating modulators of Ferroportinl activity. 
As used herein, a "transgenic animal" is a non-human animal, preferably a mammal, 
more preferably a rodent such as a rat or mouse, in which one or more of the cells of the 
5 animal includes a transgene. Other examples of transgenic animals include non-human 
primates, sheep, dogs, cows, goats, chickens, amphibians, etc. A transgene is 
exogenous DNA which is integrated into the genome of a cell from which a transgenic 
animal develops and which remains in the genome of the mature animal, thereby 
directing the expression of an encoded gene product in one or more cell types or tissues 

10 of the transgenic animal. "Exogenous" as used in the context of a transgenic animal, 
means different from that of the unaltered recipient host cell. As used herein, a 
"homologous recombinant animal" is a non-human animal, preferably a mammal, more 
preferably a mouse, in which an endogenous weh gene has been altered by homologous 
recombination between the endogenous gene and an exogenous DNA molecule 

15 introduced into a cell of the animal, e.g., an embryonic cell of the animal, prior to 
development of the animal. 

A transgenic animal of the invention can be created by introducing Ferroportinl 
encoding nucleic acid into the male pronuclei of a fertilized oocyte, e.g., by 
microinjection, retroviral infection, and allowing the oocyte to develop in a 

20 pseudopregnant female foster animal. The ferroportinl cDNA sequence can be 
introduced as a transgene into the genome of a non-human animal. Alternatively, a 
nonhuman homo log of the human ferroportinl gene can be isolated based on 
hybridization to the human or mouse ferroportinl cDNA and used as a transgene. 
Intronic sequences and polyadenylation signals can also be included in the transgene to 

25 increase the efficiency of expression of the transgene. One or more tissue-specific 
regulatory sequences can be operably linked to the ferroportinl transgene to direct 
expression of Ferroportinl protein to particular cells. Methods for generating transgenic 
animals via embryo manipulation and microinjection, particularly animals such as mice, 
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have become conventional in the art and are described, for example, in U.S. Pat. Nos. 
4,736,866 and 4,870,009, U.S. Pat. No. 4,873,191 and in Hogan, Manipulating the 
Mouse Embryo (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 
1986). Similar methods are used for production of other transgenic animals. A 
5 transgenic founder animal can be identified based upon the presence of the ferroportinl 
transgene in its genome and/or expression of ferroportinl mRNA in tissues or cells of 
the animals. A transgenic founder animal can then be used to breed additional animals 
carrying the transgene. Transgenic animals carrying a transgene encoding Ferroportinl 
can further be bred to other transgenic animals carrying other transgenes. 

10 To create a homologous recombinant animal, a vector is prepared which 

contains at least a portion oik ferroportinl gene (e.g., a human or a non-human 
homo log of the gene encoding Ferroportinl, e.g., a murine ferroportinl gene) into 
which a deletion, addition or substitution has been introduced to thereby alter, e.g., 
functionally disrupt, the ferroportinl gene. In a preferred embodiment, the vector is 

15 designed such that, upon homologous recombination, the endogenous ferroportinl gene 
is functionally disrupted (i.e., no longer encodes a functional protein; also referred to as 
a "knock out" vector). 

Alternatively, the vector can be designed such that, upon homologous 
recombination, the endogenous ferroportinl gene is mutated or otherwise altered but 

20 still encodes functional protein (e.g., the upstream regulatory region can be altered to 
thereby alter the expression of the endogenous Ferroportinl protein). In the 
homologous recombination vector, the altered portion of the ferroportinl gene is 
flanked at its 5 1 and 3 1 ends by additional nucleic acid of the ferroportinl gene to allow 
for homologous recombination to occur between the exogenous ferroportinl gene 

25 carried by the vector and an endogenous ferroportinl gene in an embryonic stem cell. 
The additional flanking ferroportinl nucleic acid is of sufficient length for successful 
homologous recombination with the endogenous gene. Typically, several kilobases of 
flanking DNA (both at the 5' and 3 ? ends) are included in the vector (see, e.g., Thomas 
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and Capecchi (1987) Cell 51:503 for a description of homologous recombination 
vectors). The vector is introduced into an embryonic stem cell line (e.g., by 
electroporation) and cells in which the introduced ferroportinl gene has homologously 
recombined with the endogenous ferroportinl gene are selected (see., e.g., Li et ah 
5 (1992) Cell 69:915). The selected cells are then injected into a blastocyst of an animal 
(e.g., a mouse) to form aggregation chimeras (see, e.g., Bradley in Teratocarcinomas 
and Embryonic Stem Cells: A Practical Approach, Robertson, ed. (IRL, Oxford, 1987) 
pp. 1 13-152). A chimeric embryo can then be implanted into a suitable pseudopregnant 
female foster animal and the embryo brought to term. Progeny harboring the 

10 homologously recombined DNA in their germ cells can be used to breed animals in 
which all cells of the animal contain the homologously recombined DNA by germline 
transmission of the transgene. Methods for constructing homologous recombination 
vectors and homologous recombinant animals are described further in Bradley (1991) 
Current Opinion in Bio/Technology 2:823-829 and in WO 90/11354, WO 91/01140, 

15 WO 92/0968, and WO 93/04169. 

In another embodiment, transgenic non-human animals can be produced which 
contain selected systems which allow for regulated expression of the transgene. One 
example of such a system is the cre/loxP recombinase system of bacteriophage PI . For 
a description of the cre/loxP recombinase system, see, e.g., Lakso et ah (1992) Proc. 

20 Natl. Acad. Sci. USA 89:6232-6236. Another example of a recombinase system is the 
FLP recombinase system of Saccharomyces cerevisiae (O'Gorman et ah (1991) Science 
251:1351-1355). If a cre/loxP recombinase system is used to regulate expression of the 
transgene, animals containing transgenes encoding both the Cre recombinase and a 
selected protein are required. Such animals can be provided through the construction of 

25 "double" transgenic animals, e.g., by mating two transgenic animals, one containing a 
transgene encoding a selected protein and the other containing a transgene encoding a 
recombinase. 
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Clones of the non-human transgenic animals described herein can also be 
produced according to the methods described in Wilmut et al. (1997) Nature 385:810- 
813 and WO 97/07668 and WO 97/07669. In brief, a cell, e.g., a somatic cell, from the 
transgenic animal can be isolated and induced to exit the growth cycle and enter G 0 
5 phase. The quiescent cell can then be fused, e.g., through the use of electrical pulses, to 
an enucleated oocyte from an animal of the same species from which the quiescent cell 
is isolated. The reconstructed oocyte is then cultured such that it develops to morula or 
blastocyte and then transferred to pseudopregnant female foster animal. The offspring 
borne of this female foster animal will be a clone of the animal from which the cell, e.g., 
10 the somatic cell, is isolated. 
,n In a further aspect of the invention are methods for assessing the transport 

/; function of any of the Ferroportinl proteins or polypeptides described herein, including 

U1 orthologs, and in variations of these, methods for identifying an inhibitor (or an 

m enhancer) of such function and methods for assessing the transport function in the 

^ 1 5 presence of a candidate inhibitor or a known inhibitor. 

H= A variety of systems comprising living cells can be used for these methods, 

u Cells to be used in iron transport assays, and further in methods for identifying an 

-2 inhibitor or enhancer of this function, express one or more Ferroportinl proteins. Cells 

O for use in cell-based assays described herein can be drawn from a variety of sources, 

20 such as isolated primary cells of various organs and tissues wherein a Ferroportinl 

protein is naturally expressed. In some cases, the cells can be from adult organs, and in 
some cases, from embryonic or fetal structures, such as placenta, yolk sac, heart, lung, 
liver, intestine, skeletal muscle, kidney and the like. Cells for this purpose can also 
include cells cultured as fragments of organs or in conditions simulating the cell type 
25 and/or tissue organization of organs, in which artificial materials may be used as 

substrates for cell growth. Other types of cells suitable for this purpose include cells of 
a cell strain or cell line (ordinarily comprising cells considered to be "transformed") 
transfected to express one or more types of Ferroportinl. 
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A further embodiment of the invention is a method for detecting, in a sample of 
cells, a Ferroportinl protein, a portion or fragment thereof, a fusion protein comprising 
a Ferroportinl or a portion thereof, or an ortholog as described herein, wherein the cells 
can be, for instance, cells of a tissue, primary culture cells, or cells of a cell line, 
5 including cells into which nucleic acid has been introduced. The method comprises 
adding to the sample an agent that specifically binds to the protein, and detecting the 
agent specifically bound to the protein. Appropriate washing steps can be added to 
reduce nonspecific binding to the agent. The agent can be, for example, an antibody, a 
ligand or a substrate or cofactor mimic. The agent can have incorporated into it, or have 
10 bound to it, covalently or by high affinity non-covalent interactions, for instance, a label 
that facilitates detection of the agent to which it is bound, wherein the label can be, but 
is not limited to, a phosphorescent label, a fluorescent label, a biotin or avidin label, or a 
radioactive label. The means of detection of a Ferroportinl can vary, as appropriate to 
the agent and label used. For example, for an antibody that binds to the Ferroportinl, 
15 the means of detection may call for binding a second antibody, which has been 

conjugated to an enzyme, to the antibody which binds the Ferroportinl, and detecting 
the presence of the second antibody by means of the enzymatic activity of the 
conjugated enzyme. 

Similar principles can also be applied to a cell lysate, membrane fraction, or a 
20 more purified preparation of proteins from cells that may comprise a Ferroportinl 
protein of interest, for example in the methods of immunoprecipitation, 
immunoblotting, immunoaffinity methods, that in addition to detection of the particular 
Ferroportinl, can also be used in purification steps, and qualitative and quantitative 
immunoassays. See, for instance, chapters 11 through 14 in Antibodies: A Laboratory 
25 Manual, E. Harlow and D. Lane, eds., Cold Spring Harbor Laboratory, 1988. 

Isolated Ferroportinl protein or, an antigenically similar portion thereof, 
especially a portion thai is soluble (e.g., a peptide or a fusion polypeptide comprising at 
least 10 contiguous amino acid residues of a Ferroportinl), can be used in a method to 
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select and identify molecules Which bind specifically to the Ferroportinl. Fusion 
proteins comprising all of, or a portion of, the Ferroprotinl linked to a second moiety 
not occurring in the Ferroportinl as found in nature, can be prepared for use in another 
embodiment of the method. S uitable fusion proteins for this purpose include those in 
5 which the second moiety comprises an affinity ligand (e.g., an enzyme, antigen, 
epitope). Ferroportinl fusion Koteins can be produced by the insertion of a gene 
encoding the Ferroportinl or a variant thereof, or a suitable portion of such gene into a 
suitable expression vector which encodes an affinity ligand (e.g., pGEX-4T-2 and pET- 
15b, encoding glutathione S-transferase and His-Tag affinity ligands, respectively). The 
10 expression vector can be introduced into a suitable host cell for expression. Host cells 
are lysed and the lysate, contaiiing fusion protein, can be bound to a suitable affinity 
matrix by contacting the lysate with an affinity matrix. 

In one embodiment, the fusion protein can be immobilized on a suitable affinity 
matrix under conditions sufficient to bind the affinity ligand portion of the fusion 
15 protein to the matrix, and is contacted with one or more candidate binding agents (e.g., a 
mixture of peptides or compounds of a library) to be tested, under conditions suitable 
for binding of the binding agents to the Ferroportinl portion of the bound fusion 
protein. Next, the affinity matrix with bound fusion protein can be washed with a 
suitable wash buffer to remove unbound candidate binding agents and non-specifically 
20 bound candidate binding agents. Those agents which remain bound can be released by 
contacting the affinity matrix with fusion protein bound thereto with a suitable elution 
buffer. Wash buffer can be formulated to permit binding of the fusion protein to the 
affinity matrix, without significantly disrupting binding of specifically bound binding 
agents. In this aspect, elution buffer can be formulated to permit retention of the fusion 
25 protein by the affinity matrix, but can be formulated to interfere with binding of the 
candidate binding agents to the target portion of the fusion protein. For example, a 
change in the ionic strength or pH of the elution buffer can lead to release of specifically 
bound agent, or the elution buffer can comprise a release component or components 
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designed to disrupt binding of specifically bound agent to the target portion of the fusion 
protein. 

Immobilization can be performed prior to, simultaneous with, or after, 
contacting the fusion protein with candidate binding agent, as appropriate. Various 
5 permutations of the method are possible, depending upon factors such as the candidate 
molecules tested, the affinity matrix-ligand pair selected, and elution buffer formulation. 
For example, after the wash step, fusion protein with binding agent molecules bound 
thereto can be eluted from the affinity matrix with a suitable elution buffer (a matrix 
elution buffer, such as glutathione for a GST fusion). Where the fusion protein 

10 comprises a cleavable linker, such as a thrombin cleavage site, cleavage from the 
affinity ligand can release a portion of the fusion with the candidate agent bound 
thereto. Bound agent molecules can then be released from the fusion protein or its 
cleavage product by an appropriate method, such as extraction. 

One or more candidate binding agents can be tested simultaneously. Where a 

15 mixture of candidate binding agents is tested, those found to bind by the foregoing 
processes can be separated (as appropriate) and identified by suitable methods (e.g., 
PCR, sequencing, chromatography). Large libraries of candidate binding agents 
produced by combinatorial chemical synthesis or by other methods can be tested (see 
e.g., Ohlmeyer, M.H.J. etah,Proc. Natl Acad. Set USA 90:10922-10926 (1993) and 

20 DeWitt, S.H. et ah, Proc. Natl. Acad. Sci. USA 90:6909-6913 (1993), relating to tagged 
compounds; see also Rutter, W.J. et ah U.S. Patent No. 5,010,175; Huebner, V.D. et ah, 
U.S. Patent No. 5,182,366; and Geysen, H.M., U.S. Patent No. 4,833,092). Where 
binding agents selected from a combinatorial library by the present method carry unique 
tags, identification of individual biomolecules by chromatographic methods is possible. 

25 Where binding agents do not carry tags, chromatographic separation, followed by mass 
spectrometry to ascertain structure, can be used to identify binding agents selected by 
the method, for example. 
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The invention also comprises a method for identifying an agent which inhibits 
interaction between a Ferroportinl protein (e.g., one comprising the amino acid 
sequence in SEQ ID NO:2, SEQ ID NO:4 or SEQ ID NO:6), and a ligand of said 
protein. The Ferroportinl can be one described by amino acid sequence herein, a 
5 portion or fragment thereof, a variant thereof, or an ortholog thereof, or a Ferroportinl 
fusion protein. Here, a ligand can be, for instance, a substrate (e.g., Fe 2+ ), or a substrate 
mimic, an antibody, or a compound, such as a small molecule or peptide, that binds with 
specificity to a site on the protein. The method comprises combining, not limited to a 
particular order, the Ferroportinl protein, the ligand of the protein, and a candidate 

10 agent to be assessed for its ability to inhibit interaction between the protein and the 
ligand, under conditions appropriate for interaction between the protein and the ligand 
(e.g., pH, salt, temperature conditions conducive to appropriate conformation and 
molecular interactions); determining the extent to which the protein and ligand interact; 
and comparing (1) the extent of protein-ligand interaction in the presence of candidate 

15 agent with (2) the extent of protein-ligand interaction in the absence of candidate agent, 
wherein if (1) is less than (2), then the candidate agent is one which inhibits interaction 
between the protein and the ligand. 

The method can be facilitated, for example, by using an experimental system 
which employs a solid support (column chromatography matrix, wall of a plate, 

20 microtiter wells, column pore glass, pins to be submerged in a solution, beads, etc.) to 
which the protein can be attached. Accordingly, in one embodiment, the protein can be 
fixed to a solid phase directly or indirectly, by a linker. The candidate agent to be tested 
is added under conditions conducive for interaction and binding to the protein. The 
ligand is added to the solid phase system under conditions appropriate for binding. 

25 Excess ligand is removed, as by a series of washes done under conditions that do not 
disrupt protein-ligand interactions. Detection of bound ligand can be facilitated by 
using a ligand that carries a label (e.g., fluorescent, chemiluminescent, radioactive). In a 
control experiment, protein and ligand are allowed to interact in the absence of any 
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candidate agent, under conditions otherwise identical to those used for the "test" 
conditions where candidate inhibiting agent is present, and any washes used in the test 
conditions are also used in the control. The extent to which ligand binds to the protein 
in the presence of candidate agent is compared to the extent to which ligand binds to the 
5 protein in the absence of the candidate agent. If the extent to which interaction of the 
protein and the ligand occurs is less in the presence of the candidate agent than in the 
absence of the candidate agent, the candidate agent is an agent which inhibits interaction 
between the protein and the ligand of the protein. 

In a further embodiment, an inhibitor (or an enhancer) of a Ferroportinl protein 

10 can be identified. The method comprises steps which are, or are variations of, the 
following: contacting the cells with Fe 2+ under conditions allowing uptake of the Fe 2+ , 
wherein the Fe 2+ can be labeled for convenience of detection; washing away 
extracellular Fe 2+ , contacting a first aliquot of the cells with an agent being tested as an 
inhibitor (or enhancer) of iron export, while maintaining a second aliquot of cells under 

15 the same conditions but without contact with the agent; and determining (e.g., by a 
quantitative measurement) iron exported from the first and second aliquot s of cells; 
wherein a lesser quantity of iron in the first aliquot compared to that in the second 
aliquot is indicative that the agent is an inhibitor of iron export by a Ferroportinl 
protein. A greater quantity of extracellular iron found in the first aliquot compared to 

20 that in the second aliquot is indicative that the agent is an enhancer of iron export by a 
Ferroportinl protein. 

A particular embodiment of identifying an inhibitor or enhancer of iron export 
function employs the above steps, but also employs additional steps preceding those 
given above: introducing into cells of a cell strain or cell line ("host cells" for the 

25 intended introduction of, or after the introduction of, a vector) one or more vectors or 
RNAs comprising a ferroportinl gene, wherein expression of the gene can be 
regulatable or constitutive, and providing conditions to the host cells under which 
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expression of the gene can occur, and under which iron can be taken up by the host 
cells. 

The terms "contacting" and "combining" as used herein in the context of 
bringing molecules into close proximity to each other, can be accomplished by 
5 conventional means. For example, when referring to molecules that are soluble, 

contacting is achieved by adding the molecules together in a solution. "Contacting" can 
also be adding an agent to a test system, such as a vessel containing cells in tissue 
culture. 

The term "inhibitor" or "antagonist", as used herein, refers to an agent which 
10 blocks, diminishes, inhibits, hinders, limits, decreases, reduces, restricts or interferes 
with iron export from a cell, or alternatively or additionally, prevents or impedes the 
cellular effects associated with iron export. The term "enhancer" or "agonist", as used 
herein, refers to an agent which augments, enhances, or increases iron export from a 
cell. 

15 In order to produce a "host cell" type suitable for iron uptake assays and for 

assays derived therefrom for identifying inhibitors or enhancers thereof, a nucleic acid 
vector can be constructed to comprise a gene encoding an iron transport protein, for 
example, human Ferroportinl, a mutant or variant thereof, an ortholog of the human 
protein, such as porcine or bovine orthologs or orthologs found in other mammals, or a 

20 Ferroportinl family protein of origin in an organism other than a mammal. The gene of 
the vector can be regulatable, such as by the placement of the gene under the control of 
an inducible or repressible promoter in the vector (e.g., inducible or repressible by a 
change in growth conditions of the host cell harboring the vector, such as addition of 
inducer, binding or functional removal of repressor from the cell millieu, or change in 

25 temperature) such that expression of the ferroportinl gene can be turned on or initiated 
by causing a change in growth conditions, thereby causing the protein encoded by the 
gene to be produced, in host cells comprising the vector, as a plasma membrane protein. 
Alternatively, the ferroportinl gene can be constitutively expressed. 
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A vector comprising a ferroportinl gene, such as a vector described herein, can 
be introduced into host cells by a means appropriate to the vector and to the host cell 
type. For example, commonly used methods such as electroporation, transfection, for 
instance, transfection using CaCl 2 , and transduction (as for a virus or bacteriophage) can 
5 be used. Host cells can be, for example, mammalian cells such as primary culture cells 
or cells of cell lines such as COS cells, 293 cells or Jurkat cells. Host cells can also be, 
in some cases, cells derived from insects, cells of insect cell lines, bacterial cells, such 
as E. coli, or yeast cells, such as S. cerevisiae. It is preferred that the iron export 
protein whose function is to be assessed, with or without a candidate inhibitor or 

10 enhancer, be produced in host cells whose ancestor cells originated in a species related 
to the species of origin of the ferroportinl gene encoding the Ferroportinl protein. For 
example, it is preferable that tests of function or of inhibition or enhancement of a 
. mammalian Ferroportinl be carried out in host mammalian cells producing the 
Ferroportinl, rather than in bacterial cells or yeast cells. 

15 Host cells comprising a vector comprising a regulatable ferroportinl gene can 

be treated so as to allow expression of the ferroportinl gene and production of the 
encoded protein (e.g., by contacting the cells with an inducer compound that effects 
transcription from an inducible promoter operably linked to the ferroportinl gene). 

The test agent (e.g., an agonist or antagonist) is added to the cells to be used in 

20 an iron export assay, under conditions suitable for production and/or maintenance of the 
expressed Ferroportinl in a conformation appropriate for association of the Ferroportinl 
with test agent and substrate. For example, conditions under which an agent is assessed, 
such as media and temperature requirements, can initially be similar to those necessary 
for transport of iron substrate across the plasma membrane. One of ordinary skill in the 

25 art will know how to vary experimental conditions depending upon the biochemical 
nature of the test agent. The test agent can be added to the cells before or after the 
addition of an iron substrate. The concentration at which the test agent can be evaluated 
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can be varied, as appropriate, to test for an increased effect with increasing 
concentrations. 

Test agents to be assessed for their effects on iron transport can be any chemical 
(element, molecule, compound), made synthetically, made by recombinant techniques or 
5 isolated from a natural source. For example, test agents can be peptides, polypeptides, 
peptoids, sugars, hormones, or nucleic acid molecules, such as antisense nucleic acid 
molecules. In addition, test agents can be small molecules or molecules of greater 
complexity made by combinatorial chemistry, for example, and compiled into libraries. 
These libraries can comprise, for example, alcohols, alkyl halides, amines, amides, 

10 esters, aldehydes, ethers and other classes of organic compounds. Test agents can also 
be natural or genetically engineered products isolated from lysates of cells, bacterial, 
animal or plant, or can be the cell lysates themselves. Presentation of test compounds to 
the test system can be in either an isolated form or as mixtures of compounds, especially 
in initial screening steps. 

1 5 Thus, the invention relates to a method for identifying agents which alter iron 

export, the method comprising providing the test agent to the cell (wherein "cell" 
includes the plural, and can include cells of a cell strain, cell line or culture of primary 
cells or organ culture, for example), under conditions suitable for binding to its target, 
whether to the Ferroportinl itself or to another target on or in the cell, wherein the cell 

20 comprises a Ferroportinl . 

The cells to be tested for the effect of an agent on iron export can be "loaded" 
with iron by incubation of the cells with iron under conditions appropriate for iron 
uptake. The cells can be, for example, cells of transformed cell lines such as HeLa or 
293 cells, fibroblasts, transformed fibroblasts or oocytes of Xenopus laevis or another 

25 appropriate species. The cells can also be cells transfected with nucleic acid encoding 
Ferroportinl, such that the cell expresses the Ferroportinl protein to be tested for the 
effect of an agent. The iron can be labeled to facilitate its detection, for example, with a 
radioactive isotope. 
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The cells so loaded with iron are then washed with buffer or medium sufficient 
to remove iron external to the cells. The cells can then be divided into two equal 
aliquots, or two aliquots of known cell numbers. To one aliquot is added the agent to be 
tested for its effect on iron transport. To the other aliquot is added a volume of buffer, 
5 medium, etc. equivalent to that in which the agent added to the first aliquot was 

dissolved. The two aliquots of cells are then kept under the same culture conditions for 
a period of time to allow for the export of iron. After this period, the cells of each 
aliquot are separated from their surrounding medium, for example by centrifugation, 
and, for isolation of the cell pellet, by one or more additional washing steps. The 

10 medium can be collected in each case, and aliquots of each can be assayed for exported 
iron. Where the iron is radioactively labeled, the medium can be tested for 
radioactivity, as by scintillation counting. Alternatively, the cells or aliquots of the cells 
can be collected after the period of time allowing for iron export, and the cells can be 
lysed to prepare a cell extract to be assayed for iron retained in the cells. Where the 

15 cells to which an agent was added retain more iron than the control cells not receiving 
agent, the agent is an inhibitor of iron export. Where the cells to which an agent was 
added retain less iron than the control cells, the agent is an enhancer of iron export. If 
the cell medium is assayed, where the cells receiving agent export less iron into the 
medium than the control cells, then the agent is an inhibitor of iron transport. If the 

20 cells receiving agent export more iron into the medium than the control cells, then the 
agent is an enhancer of iron transport. 

An agent determined to be an inhibitor (or enhancer) of Ferroportinl function, 
such as iron binding and/or iron export, can be administered to cells in culture, or in 
vivo, to a mammal (e.g. human) to inhibit (or enhance) Ferroportinl function. Such an 

25 agent may be one that acts directly on the Ferroportinl protein (for example, by binding) 
or can act on an intermediate in a biosynthetic pathway to produce Ferroportinl, such as 
transcription of the ferroportinl gene, processing of the mRNA, or translation of the 
mRNA. An example of such an agent is antisense oligonucleotide. 
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Cell-free assays can also be used to measure the transport of iron across a 
membrane, and therefor also to assess a test treatment or test agent for its effect on the 
rate or extent of iron transport. Isolated Ferroportinl , for example in the presence of a 
detergent that preserves the native 3 -dimensional structure of the Ferroportinl protein, 
5 or partially purified Ferroportinl protein, can be used in an artificial membrane system 
typically used to preserve the native conformation and activity of membrane proteins. 
Such systems include liposomes, artificial bilayers of phospholipids, isolated plasma 
membrane such as cell membrane fragments, cell membrane fractions, or cell membrane 
vesicles, and other systems in which the Ferroportinl protein can be properly oriented 

10 within the membrane to have transport activity. Assays for transport activity can be 
performed using methods analogous to those that can be used in cells expressing a 
Ferroportinl protein whose function is to be measured. A labeled (e.g., radioactively 
labeled) iron substrate can be incubated on one side of a bilayer or in a suspension of 
liposomes constructed to integrate a properly oriented Ferroportinl protein. The 

1 5 accumulation of iron with time can be measured, using appropriate means to detect the 
label (e.g., scintillation counting of medium on each side of the bilayer, or of the 
contents of liposomes versus the surrounding medium). Assays such as these can be 
adapted to use for the testing of agents which might interact with the Ferroportinl to 
produce an inhibitory or an enhancing effect on the rate or extent of iron transport. That 

20 is, the above-described assay can be done in the presence or absence of the agent to be 
tested, and the results compared. 

For examples of isolation of membrane proteins (ADP/ATP carrier and 
uncoupling protein), reconstitution into phospholipid vesicles, and assays of transport, 
see Klingenberg, M. et al, Methods Enzymol 260:369-389 (1995). For an example of a 

25 membrane protein (phosphate carrier of Saccharomyces cerevisiae) that was purified 
and solubilized from E. coli inclusion bodies, see Schroer, A. et al, J. Biol Chem. 
273:14269-14276 (1998). The Glutl glucose transporter of rat has been expressed in 
yeast. A crude membrane fraction of the yeast was prepared and reconstituted with 
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soybean phospholipids into liposomes. Glucose transport activity could be measured in 
the liposomes (Kasahara, T. and Kasahara, M., J. Biol Chem. 273:29113-29117 
(1998)). Similar methods can be applied to the proteins and polypeptides of the 
invention. 

5 Another embodiment of the invention is a method for inhibiting iron export in 

Ferroprotinl -expressing cells of a mammal (e.g., a human), comprising administering to 
the mammal a therapeutically effective amount of an inhibitor of the transport function 
of Ferroportinl, thereby ^decreasing iron in the circulation. Hemochromatosis can be 
due to the inheritance of a mutant gene or due to secondary iron overload from an iron- 
10 loading anemia such as thalassemia or sideroblastic anemia. Where it is desirable to 
reduce the uptake of iron into the circulatory system through the intestine, for example, 
in the treatment of hemochromatosis in a human, one or more inhibitors of Ferroportinl 
can be administered in an effective dose, and by an effective route, for example, orally, 
or by an indwelling device mat can deliver doses to the small intestine. The inhibitor 
15 can be one identified by methods described herein, or can be one that is, for instance, 
structurally related to an inhibitor identified by methods described herein (e.g., having 
chemical adducts to better stabilize or solubilize the inhibitor). The invention further 
relates to compositions comprising inhibitors of iron uptake in a mammal, which may 
further comprise pharmaceutical carriers suitable for administration to a subject 
20 mammal, such as sterile solubiliping or emulsifying agents. 

A further embodiment of the present invention is a method of enhancing or 
increasing iron uptake into the body, such as enhancing or increasing iron uptake in the 
small intestine (e.g., to treat a malabsorption syndrome or anemia). In this embodiment, 
a therapeutically effective amount of an enhancer of the transport function of 
25 Ferroportinl can be administered to a mammalian subject, with the result that iron 

uptake in the small intestine is enhanced. In this embodiment, one or more enhancers of 
a Ferroportinl protein is administered in an effective dose and by a route (e.g., orally or 
by a device, such as an indwelling catheter or other device) which can deliver doses to 
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the gut. The enhancer of Ferroportinl function can be identified by methods described 
herein or can be one that is structurally similar to an enhancer identified by methods 
described herein. 

The invention further relates to antibodies that bind to an isolated or 
5 recombinant Ferroportinl, including portions of antibodies, which can specifically 
recognize and bind to one or more Ferroportinl proteins. The antibodies and portions 
thereof of the invention include those which bind to Ferroportinl proteins of zebrafish, 
or Ferroportinl proteins of mouse or other mammalian species. In a specific 
embodiment, the antibodies bind to a naturally occurring Ferroportinl of humans. The 
10 antibodies can be used in various methods to detect or to purify a protein of the present 
invention or a portion thereof such as ELISA, western blotting or immunoaffinity 
chromatography, to inhibit the function of a protein in a method of therapy, or to 
selectively inactivate an active site, or to study other aspects of the structure of these 
proteins, for example. 

15 The antibodies of the present invention can be polyclonal or monoclonal. The 

term antibody is intended to encompass both polyclonal and monoclonal antibodies. 
Antibodies of the present invention can be raised against an appropriate immunogen, 
including proteins or polypeptides of the present invention, such as an isolated or 
recombinant Ferroportinl or portions thereof, or synthetic molecules, such as synthetic 

20 peptides (e.g., conjugated to a suitable carrier). Preferred embodiments are antibodies 
that bind to any of the following, and which may cross-react with Ferroportinl proteins 
of several species: zebrafish Ferroportinl, mouse Ferroportinl, or human Ferroportinl. 
The immunogen can be a polypeptide comprising a portion of a Ferroportinl and having 
at least one function of a Ferroportinl, as described herein. To produce polyclonal 

25 antibodies, the immunogen is introduced into an animal that is not the original source of 
the immunogen (e.g., mouse Ferroportinl or a fragment thereof injected into a non- 
murine animal). 
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The term antibody is also intended to encompass single chain antibodies, 
chimeric, humanized or primatized (CDR-grafted) antibodies and the like, as well as 
chimeric or CDR-grafted single chain antibodies, comprising portions from more than 
one species. For example, the chimeric antibodies can comprise portions of proteins 
5 derived from two different species, joined together chemically by conventional 
techniques or prepared as a single contiguous protein using genetic engineering 
techniques (e.g., DNA encoding the protein portions of the chimeric antibody can be 
expressed to produce a contiguous protein chain. See, e.g., Cabilly et al., U.S. Patent 
No. 4,816,567; Cabilly et al, European Patent No. 0,125,023 Bl; Boss et al, U.S. 

10 Patent No. 4,816,397; Boss et al, European Patent No. 0,120,694 Bl ; Neuberger, M.S. 
et al, WO 86/01533; Neuberger, M.S. et al, European Patent No. 0,194,276 Bl; 
Winter, U.S. Patent No. 5,225,539; Winter, European Patent No. 0,239,400 Bl; Queen 
et al, U.S. Patent No. 5,585,089; and Queen et al, European Patent No. EP 0 451 216 
Bl. See also, Newman, R. et al, BioTechnology, 70:1455-1460 (1992), regarding 

15 primatized antibody, and Ladner et al, U.S. Patent No. 4,946,778 and Bird, R.E. et al, 
Science, 242:423-426 (1988) regarding single chain antibodies.) 

Whole antibodies and biologically functional fragments thereof are also 
encompassed by the term antibody. Biologically functional antibody fragments which 
can be used include those fragments sufficient for binding of the antibody fragment to a 

20 Ferroportinl to occur, such as Fv, Fab, Fab ? and F(ab') 2 fragments. Such fragments can 
be produced by enzymatic cleavage or by recombinant techniques. For instance, papain 
or pepsin cleavage can generate Fab or F(ab') 2 fragments, respectively. Antibodies can 
also be produced in a variety of truncated forms using antibody genes in which one or 
more stop codons have been introduced upstream of the natural stop site. For example, 

25 a chimeric gene encoding a F(ab f ) 2 heavy chain portion can be designed to include DNA 
sequences encoding the CHj domain and hinge region of the heavy chain. 

Preparation of immunizing antigen (for instance, whole cells comprising a 
Ferroportinl on the cell surface, or a purified Ferroportinl), and polyclonal and 
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monoclonal antibody production can be performed using any suitable technique. A 
variety of methods have been described for the production of antibodies (See e.g., 
Kohler etal, Nature, 256:495-497 (1975) and£«r. /. Immunol 6: 511-519 (1976); 
Milstein et al, Nature 266:550-552 (1977); Koprowski et al, U.S. Patent No. 
5 4,172,124; Harlow, E. and D. Lane, 1988, Antibodies: A Laboratory Manual, (Cold 
Spring Harbor Laboratory: Cold Spring Harbor, NY); Chapter 1 1 In Current Protocols 
In Molecular Biology, Vol. 2 (containing supplements up through Supplement 49, 
2000), Ausubel, F.M. et al, eds., John Wiley & Sons: New York, NY). Generally, a 
hybridoma can be produced by fusing a suitable immortal cell line (e.g., a myeloma cell 

10 line such as SP2/0) with antibody producing cells. The antibody producing cells, 

preferably those obtained from the spleen or lymph nodes, can be obtained from animals 
immunized with the antigen of interest. Immunization of animals can be, for instance, 
by introduction of whole cells comprising Ferroportinl protein on the cell surface. The 
fused cells (hybridomas) can be isolated using selective culture conditions, and cloned 

15 by limiting dilution. Cells which produce antibodies with the desired specificity can be 
selected by a suitable assay (e.g., ELISA). 

Other suitable methods of producing or isolating antibodies (including human 
antibodies) of the requisite specificity can used, including, for example, methods which 
select recombinant antibody from a library (e.g., Hoogenboom et al, WO 93/06213; 

20 Hoogenboom et al, U.S. Patent No. 5,565,332; WO 94/13804, published June 23, 
1994; and Dower, W.J. et al, U.S. Patent No. 5,427,908), or which rely upon 
immunization of transgenic animals (e.g., mice) capable of producing a full repertoire of 
human antibodies (see e.g., Jakobovits et al, Proc. Natl Acad Set USA, 90: 2551-2555 
(1993); Jakobovits et al, Nature, 362:255-258 (1993); Lonberg et al, U.S. Patent No. 

25 5,569,825; Lonberg et al, U.S. Patent No. 5,545,806; Surani et al, U.S. Patent No. 
5,545,807; and Kucherlapati, R. et al, European Patent No. EP 0 463 151 Bl). 

The invention also relates to compositions comprising a modulator of 
Ferroportinl function. The term "modulate" as used herein refers to the ability of a 
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molecule to alter the function of another molecule. Thus, modulate could mean, for 
example, inhibit, antagonize, agonize, upregulate, downregulate, induce, or suppress. A 
modulator has the capability of altering function of its target. Such alteration can be 
accomplished at any stage of the transcription, translation, expression or function of the 
5 protein, so that, for example, modulation of a target gene can be accomplished by 
modulation of the DNA or RNA encoding the protein, and the protein itself. 

Antagonists or agonists (inhibitors or enhancers) of the Ferroportinl proteins of 
the invention, antibodies that bind a Ferroportinl, or mimetics of a Ferroportinl or of 
portions of a Ferroportinl can be employed in combination with a non-sterile or sterile 
10 carrier or carriers for use with cells, tissues or organisms, such as a pharmaceutical 
5 carrier suitable for administration to a mammalian subject. Such compositions 

."7 comprise, for instance, a media additive or a therapeutically effective amount of an 

IH inhibitor or enhancer compound to be identified by an assay of the invention and a 

fy pharmaceutical^ acceptable carrier or excipient. Such carriers may include, but are not 

^ 15 limited to, saline, buffered saline, dextrose, water, ethanol, surfactants, such as glycerol, 

H= excipients such as lactose and combinations thereof. The formulation can be chosen by 

u one of ordinary skill in the art to suit the mode of administration. The chosen route of 

*2 administration will be influenced by the predominant tissue or organ location of the 

D Ferroportinl wherein it is intended that function is to be inhibited or enhanced. For 

20 example, for affecting the function of ferroportinl in the duodenum, a particular 
administration can be oral or through a tube inserted into the stomach (e.g., direct 
stomach tube or nasopharyngeal tube), or through other means to accomplish delivery to 
the small intestine. The invention further relates to diagnostic and pharmaceutical packs 
and kits comprising one or more containers filled with one or more of the ingredients of 
25 the aforementioned compositions of the invention. 

Compounds of the invention which are Ferroportinl proteins, Ferroportinl 
fusion proteins, Ferroportinl mimetics, ferroportinl gene-specific antisense poly- or 
oligonucleotides, inhibitors or enhancers of a Ferroportinl may be employed alone or in 
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conjunction with other compounds, sueh as therapeutic compounds. The 
pharmaceutical compositions may be administered in any effective, convenient manner, 
^including administration by topical, oral, anal, vaginal, intravenous, intraperitoneal, 
intramuscular, subcutaneous, intranasal, transdermal or intradermal routes, among 
5 others. In therapy or as a prophylactic, the active agent may be administered to an 
individual as an injectable composition, for example as a sterile aqueous dispersion, 
preferably isotonic. 

Alternatively, the composition may be formulated for topical application, for 
example, in the form of ointments, creams, lotions, eye ointments, eye drops, ear drops, 

10 mouthwash, impregnated dressings and sutures and aerosols, and may contain 

appropriate conventional additives, including, for example, preservatives, solvents to 
assist drug penetration, and emollients in ointments and creams. Such topical 
formulations may also contain compatible conventional carriers, for example cream or 
ointment bases, and ethanol or oleyl alcohol for lotions. 

15 In addition, the amount of the compound will vary depending on the size, age, 

body weight, general health, sex, and diet of the recipient of the compound, and the time 
of administration, the biological half-life of the compound, and the particular 
characteristics and symptoms of the disorder to be treated. Adjustment and 
manipulation of established dose ranges are well within the ability of those of skill in 

20 the art. 

A further aspect of the invention is a method to identify a polymorphism, or the 
presence of an alternative or variant allele of a gene in the genome of an organism (of 
interest here, genes encoding Ferroportinl proteins). As used herein, polymorphism 
refers to the occurrence of two or more genetically determined alternative sequences or 
25 alleles in a population. A polymorphic locus may be as small as a base pair. 

Polymorphic markers include restriction fragment length polymorphisms, variable 
number of tandem repeats (VNTR's), hypervariable regions, minisatellites, dinucleotide 
repeats, trinucleotide repeats, tetranucleotide repeats, simple sequence repeats, and 
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insertion elements such as Alu. The first identified alleleic form, or the most frequently 
occurring form can be arbitrarily designated as the reference (usually, "wildtype") form, 
and other allelic forms are designated as alternative (sometimes, "mutant" or "variant"). 
Diploid organisms may be homozygous or heterozygous for allelic forms. 
5 An "allele" or "allelic sequence" is an alternative form of a gene which may 

result from at least one mutation in the nucleotide sequence. Alleles may result in 
altered mRNAs or polypeptides whose structure or function may or may not be altered. 
Any given gene may have none, one, or many allelic forms (polymorphism). Common 
mutational changes which give rise to alleles are generally ascribed to natural deletions, 
10 additions, or substitutions of nucleotides. Each of these types of changes may occur 
alone, or in combination with the others, one or more times in a given sequence. 

Several different types of polymorphisms have been reported. A restriction 
fragment length polymorphism (RFLP) is a variation in DNA sequence that alters the 
length of a restriction fragment (Botstein et al, Am. J. Hum. Genet 52:314-331 (1980)). 
15 The restriction fragment length polymorphism may create or delete a restriction site, 
thus changing the length of the restriction fragment. RFLPs have been widely used in 
human and animal genetic analyses (see WO 90/13668; WO 90/1 1369; Donis-Keller, 
Cell 57:319-337 (1987); Lander et al., Genetics 727:85-99 (1989)). When a heritable 
trait can be linked to a particular RFLP, the presence of the RFLP in an individual can 
20 be used to predict the likelihood that the individual will also exhibit the trait. 

Other polymorphisms take the form of short tandem repeats (STRs) that include 
tandem di-, tri- and tetra-nucleotide repeated motifs. These tandem repeats are also 
referred to as variable number tandem repeat (VNTR) polymorphisms. VNTRs have 
been used in identity and paternity analysis (US 5,075,217; Armour et al, FEES Lett. 
25 507:1 13-1 15 (1992); Horn et al, WO 91/14003; Jeffreys, EP 370,719), and in a large 
number of genetic mapping studies. 

Other polymorphisms take the form of single nucleotide variations between 
individuals of the same species. Such polymorphisms are far more frequent than 
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RFLPs, STRs (short tandem repeats) and VNTRs (variable number tandem repeats). 
Some single nucleotide polymorphisms occur in protein-coding sequences, in which 
case, one of the polymorphic forms may give rise to the expression of a defective or 
other variant protein and, potentially, a genetic disease. Other single nucleotide 
5 polymorphisms occur in noncoding regions. Some of these polymorphisms may also 
result in defective protein expression (e.g., as a result of defective splicing). Other 
single nucleotide polymorphisms have no phenotypic effects. 

Many of the methods described below require amplification of DNA from target 
samples and purification of the amplified products. This can be accomplished by PCR, 

10 for instance. See generally, PCR Technology, Principles and Applications for DNA 
Amplification (ed. H.A. Erlich), Freeman Press, New York, NY, 1992; PCR Protocols: 
A Guide to Methods and Applications (eds. Innis, et al.), Academic Press, San Diego, 
CA, 1990; Mattila et al, Nucleic Acids Res. 79:4967 (1991); Eckert et al, PCR 
Methods and Applications 7:17 (1991); PCR (eds. McPherson et aL, IRS Press, 

15 Oxford); and US 4,683,202. 

Other suitable amplification methods include the ligase chain reaction (LCR) 
(see Wu and Wallace, Genomics 4:560 (1989); Landegren et al, Science 241:1011 

(1988) ), transcription amplification (Kwoh et aL, Proc. Natl. Acad. Sci. USA 86:1113 

(1989) , self-sustained sequence replication (Guatelli et aL, Proc. Natl. Acad. Sci. USA 
20 87: 1874 (1990), and nucleic acid based sequence amplification (NASBA). The latter 

two amplification methods involve isothermal reactions based on isothermal 
transcription, which produce both single stranded RNA (ssRNA) and double stranded 
DNA (dsDNA) as the amplification products in a ratio of about 30 or 100 to 1, 
respectively. 

25 Another aspect of the invention is a method for detecting a variant allele of a 

human ferroportinl gene, comprising preparing amplified, purified ferroportinl DNA 
from a reference human and amplified, purified, ferroportinl DNA from a "test" human 
to be compared to the reference as having a variant allele, using the same or comparable 
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amplification procedures, and determining whether the reference DNA and test DNA 
differ in DNA sequence in the ferroportinl gene, whether in a coding or a noncoding 
region, wherein, if the test DNA differs in sequence from the reference DNA, the test 
DNA comprises a variant allele of a human ferroportinl gene. The following is a 
5 discussion of some of the methods by which it can be determined whether the reference 
ferroportinl DNA and test ferroportinl DNA differ in sequence. 

Direct Sequencing. The direct analysis of the sequence of variant alleles of the 
present invention can be accomplished using either the dideoxy chain termination 
method or the Maxam and Gilbert method (see Sambrook et al, Molecular Cloning: A 
10 Laboratory Manual 2nd ed. ? Cold Spring Harbor Press, New York 1989; Zyskind et al, 
J Recombinant DNA Laboratory Manual, Acad. Press, 1988). 

Denaturing Gradient Gel Electrophoresis. Amplification products generated 
Ul using the polymerase chain reaction can be analyzed by the use of denaturing gradient 

fy gel eletrophoresis. Different alleles can be identified based on the different sequence- 

^ 15 dependent strand dissociation properties and electrophoretic migration of DNA in 

H solution (chapter 7 in Erlich, ed. PCR Technology, Principles and Applications for DNA 

Li Amplification, W.H. Freeman and Co., New York, 1992). 

J? Single-strand Conformation Polymorphism Analysis. Alleles of target 

O sequences can be differentiated using single-strand conformation polymorphism 

20 analysis, which identifies base differences by alteration in electrophoretic migration of 
single stranded PCR products, as described in Orita et al, Proc. Natl Acad Sci. USA 
56:2766-2770 (1989). Amplified PCR products can be generated as described above, 
and heated or otherwise denatured, to form single-stranded amplification products. 
Single-stranded nucleic acids may refold or form secondary structures which are 
25 partially dependent on the base sequence. The different electrophoretic mobilities of 
single-stranded amplification products can be related to base-sequence differences 
between alleles of target sequences. 
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Detection of Binding by Protein That Binds to Mismatches. Amplified DNA 
comprising the ferroportinl gene or portion of the gene of interest from genomic DNA, 
for example, of a normal individual is prepared, using primers designed on the basis of 
the DNA sequences provided herein. Amplified DNA is also prepared, in a similar 
5 manner, from genomic DNA of an individual to be tested for bearing a distinguishable 
allele. The primers used in PCR carry different labels, for example, primer 1 with 
biotin, and primer 2 with 32 P. Unused primers are separated from the PCR products, and 
the products are quantitated. The heteroduplexes are used in a mismatch detection assay 
using immobilized mismatch binding protein (MutS) bound to nitrocellulose. The 

10 presence of bio tin-labeled DNA wherein mismatched regions are bound to the 

nitrocellulose via MutS protein, is detected by visualizing the binding of streptavidin to 
biotin. See WO 95/12689. MutS protein has also been used in the detection of point 
mutations in a gel-mobility-shift assay (Lishanski, A. et al, Proc. Natl. Acad. Sci. USA 
97:2674-2678 (1994)). 

15 Other methods, such as those described below, can be used to distinguish a 

ferroportinl allele from a reference allele, once a particular allele has been 
characterized as to DNA sequence. 

Allele-specific probes. The design and use of allele-specific probes for 
analyzing polymorphisms is described by e.g., Saiki et ai, Nature 324:163-166 (1986); 

20 Dattagupta, EP 235,726, Saiki, WO 89/1 1548. Allele-specific probes can be designed 
so that they hybridize to a segment of a target DNA from one individual but do not 
hybridize to the corresponding segment from another individual due to the presence of 
different polymorphic forms in the respective segments from the two individuals. 
Hybridization conditions should be sufficiently stringent that there is a significant 

25 difference in hybridization intensity between alleles, and preferably an essentially binary 
response, whereby a probe hybridizes to only one of the alleles. Some probes are 
designed to hybridize to a segment of target DNA such that the polymorphic site aligns 
with a central position (e.g., in a 15-mer at the 7 position; in a 16-mer, at either the 8 or 
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9 position) of the probe. This design of probe achieves good discrimination in 
hybridization between different allelic forms. 

Allele-specific probes are often used in pairs, one member of a pair showing a 
perfect match to a reference form of a target sequence and the other member showing a 
5 perfect match to a variant form. Several pairs of probes can then be immobilized on the 
same support for simultaneous analysis of multiple polymorphisms within the same 
target sequence. 

Allele-specific Primers. An allele-specific primer hybridizes to a site on target 
DNA overlapping a polymorphism, and only primes amplification of an allelic form to 

1 0 which the primer exhibits perfect complementarity. See Gibbs, Nucleic Acid Res. 

1 7:2427-2448 (1989). This primer is used in conjunction with a second primer which 
hybridizes at a distal site. Amplification proceeds from the two primers, resulting in a 
detectable product which indicates the particular allelic form is present. A control is 
usually performed with a second pair of primers, one of which shows a single base 

15 mismatch at the polymorphic site and the other of which exhibits perfect 

complementarity to a distal site. The single-base mismatch prevents amplification and 
no detectable product is formed. The method works best when the mismatch is included 
in the 3 f -most position of the oligonucleotide aligned with the polymorphism because 
this position is most destabilizing to elongation from the primer (see, e.g., WO 

20 93/22456). 

Gene Chips. Allelic variants can also be identified by hybridization to nucleic 
acids immobilized on solid supports (gene chips), as described, for example, in WO 
95/1 1995 and U.S. Patent No. 5,143,854, both of which are incorporated herein by 
reference. WO 95/1 1995 describes subarrays that are optimized for detection of a 
25 characterized variant allele. Such a subarray contains probes designed to be 

complementary to a second reference sequence, which is an allelic variant of the first 
reference sequence. 
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EXAMPLES 
Methods 

Zebrafish Strains and Studies 

Linkage analysis was performed on haploid or diploid embryos obtained from 
5 AB/DAR, AB/SJD or AB/WIK hybrids (Westerfield, M., The Zebrafish Book, Univ. 
Oregon Press, Eugene, 1993). Wright-Giemsa and o-dianisidine staining of embryos 
were performed as described (Ransom, D.G., et al, Development, 123:311-319, 1996). 
In situ hybridization analysis was performed as described (Thompson, M.A., et al, Dev. 
Biol, 197:248-269, 1998). 

10 Genetic Mapping and Genotyping and Library Screens 

Linkage to centromeric markers (Rnapik, E.W., et al, Nature Genet, 18:338- 
343, 1998) was performed by half-tetrad analysis (Johnson, S.L., et al, Genetics, 
139:1727-1735, 1995). For fine genetic mapping, haploids were genotyped on the 
proximal side of the locus with one of the following RAPD markers (Operon 

15 Technologies, Alemeda, CA); 4W1600, 6Q1300, or 4AC800, and on the distal side with 
the markers 4K1300 or 061020. Diploid mutant embryos were genotyped on the 
proximal side with the microsatellite markers z8505 or z9479 and on the distal side with 
z8363 (Shimoda, N., et al, Genomics, 58:219-232, 1999). Library screens were 
performed as described (Brownlie, A., et al, Nature Genet., 20:244-250, 1998). 

20 In situ hybridization and rescue experiment embryos (see below) were 

genotyped using allele specific oligonucleotide (ASO) hybridization assays specific to 
the weh tp85c and weh thm ferroportinl alleles (Farr, C.J., et al, Proc. Natl Acad. Set 
USA, 85:1629-1633, 1988; Wood, W.L, etal, Proc. Natl Acad. Set USA, 82:1585- 
1588, 1985). The weh th238 oligonucleotides were developed to distinguish the C to A 

25 mutation in the weh thm allele from the wild-type allele. Wild-type is 

5 '-AAAGAAGTGCGGCCTCATC-3 '(SEQ ID NO:8) and mutant weh thm allele is 
5'-AAAGAAGTGAGGCCTCATC-3'(SEQ ID NO: 9). The weh tpS5c oligonucleotides 
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were developed to distinguish the G to T mutation in the weh tp85c allele from wild-type. 
Wild-type is 5 '-GAGCAAATTGGCAGGTAAG-3 ' (SEQ ID NO: 10) and mutant 
weh tp85c allele is 5 5 -GAGC AAATTTGC AGGT AAG -3' (SEQ ID NO: 11). 



Isolation of the Mouse and Human Ferroportinl cDNAs 

5 EST clones were identified that contained the 5' end (GenBank accession # 

D632209) and 3' end (GenBank accession # W23461) of human ferroportinl and the 3' 

end of mouse ferroportinl (GenBank accession # AA500296). The coding region of 

human and mouse ferroportinl cDNAs were cloned by RT-PCR with a forward primer 

made to the conserved iron response element (IRE) sequence in the 5' untranslated 

1 0 region (5 '-CAACTTCAGCTACAGTGTTAG-3 ' (SEQ ID NO: 1 2)) and a reverse 

primer just 3' of the stop codon of each cDNA ( mouse 

5 '-TTATACAACAGATGTATTCGGT-3 ' (SEQ ID NO:13) and human 
5 '-AACTGTCTC AAAC AAC AGATG-3 ' (SEQ ID NO: 14)). 

Embryo Injection Experiments 
15 A zebrafish Ferroportinl -GFP fusion protein construct was created by PCR. The 

forward PCR primer contained the start codon, 

5 '-CCGCTCGAGAACGCACAATGGACAGCCCTG-3 ' (SEQ ID NO: 15). The reverse 
primer contained the last codon, 

5 '-CCGCTCGAGTACAGAGTTTGGAAGTGAGGG-3 ' (SEQ ID NO: 16). The PCR 
20 product was subcloned into the GFP expression vector pEGFP-Nl (Clontech, Palo Alto, 
CA). Embryos from a cross of two weh th238 heterozygotes were injected (Westerfield, 
M., The Zebrafish Book Univ. Oregon Press, Eugene, 1993) with the ferroportinl -GFP 
plasmid (300 ng/ml). For the iron-dextran rescue experiment, 48 hr mutant embryos 
from a weh tp85c cross were injected intravenously with an iron-dextran solution (Sigma, 
25 lOOmg/ml). 

Xenopus oocyte injections and 55 Fe efflux experiments 
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cRNA for injection was prepared using the mMessage Machine kit (Ambion, Austin, 
TX), using a construct containing either the rat DMT1 cDNA in pSPORTl (gift from 
Hiromi Gunshin (Gunshin, H., et al, Nature, 388:482-488, 1997)) or the zebrafish 
ferroportinl cDNA in the vector pXT7 (kindly provided by Sergei Sokol). 
5 Defollicularized oocytes were incubated in ND96 (96 mM NaCl, 2 mM KC1, 1 .8 mM 
CaCl 2 , 1 mM MgCl 2 , 5 mM Hepes, and 2.5 mM sodium pyruvate, pH 7.4) and injected 
with either 20 ng of DMT1 cRNA alone or 20 ng each of both the DMT1 and 
ferroportinl cRNAs. 55 Fe uptake and efflux were performed 48 hrs after injection. 55 Fe 
uptake was performed in 500 jxl of a solution containing 60 \sM 55 FeCl 2 , 100 mM NaCl, 

10 10 mM Hepes and 1 mM ascorbic acid at pH 5.5 for 30 minutes. 55 Fe uptake was 
stopped by incubation of the oocytes in 1 mM cold FeCl 2 , 100 mM NaCl, 10 mM 
Hepes, and 1 mM ascorbic acid at pH 6.0 for 30 minutes. Individual oocytes were 
placed in 500 \x\ of either efflux buffer (100 mM NaCl, 10 mM Hepes at pH 7.4) alone 
or efflux buffer containing a final concentration of 20 mg/ml apo-transferrin for 60 

15 minutes. After incubation, the 55 Fe levels of both the efflux solution and the individual 
oocytes lysed in 10% SDS were measured by scintillation counting. 



Mouse in situ hybridization and Northern Blot Analysis 

In situ hybridization of murine embryos was performed as described (Palis, J., et 
20 al, Mol Reprod. Dev., 42:19-27, 1995). An adult multi-tissue Human Northern blot 
(Clontech, Palo Alto CA) containing 2 jxg of poly A + mRNA per lane was probed with a 
human ferroportinl EST (GenBank accession # W05488). The mouse intestinal 
Northern blot containing 20 \ig of total RNA per lane was probed with a mouse 
ferroportinl EST (GenBank accession # AA500296). 



25 Antibody Generation and Immunohistochemistry 

A rabbit polyclonal antibody was generated to a peptide consisting of the 
C-terminal 19 amino acids of the human Ferroportinl protein (Genemed Synthesis, San 
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Francisco CA). Antiserum was affinity-purified against the peptide. Formalin or Bouin's 
fixed paraffin-embedded specimens were deparaffinized and heat treated for 30 min in 
1.0 mM EDTA, pH 8.0, in a Black and Decker steamer (Model HS80). Endogenous 
peroxidase activity was quenched in methanol and 3% hydrogen peroxide (5:1, vol/vol). 
5 The slides were then incubated in 3% normal swine serum in 0.05 M Tris, pH 7.6, 
followed by rabbit anti-Ferroportinl antibody (7 jig/ml), and sequentially in 
HRP-conjugated goat anti-rabbit immunoglobulins (1:40 dilution, Dako), 
HRP-conjugated rabbit anti-goat immunoglobulins (1 :40 dilution, Dako), followed by 
HRP-conjugated swine anti-rabbit immunoglobulins (1:52 dilution, Dako), each 

10 prepared in 0.10 M Tris, pH 7.6, containing (4%) human AB serum. Antibody 

localization was determined using DAB in 0.5 M Tris (pH 7.6) containing (0.035%) 
hydrogen peroxide. Slides were counterstained with methyl green. Control samples were 
incubated with normal rabbit serum or purified rabbit immunoglobulins at a protein 
concentration equal to the antibody preparation. In addition, preincubation of the 

15 antibody with specific peptide at a 550-fold molar excess neutralized the reactivity. 

Red Cell Iron Measurement 

Iron levels in red blood cells were measured by Atomic Absorption 
Spectrometer Model 3030 equipped with Zeeman Graphite Furnace and Autosampler, 
(Perkin Elmer Corp.). A cell sample (at least 30,000 cells in 20 ^tl PBS) or blank (PBS) 
20 was diluted with 40 (il of 480 mg/dl of magnesium nitrate (matrix modifier); 20 (il of 
the mixture was injected into the instrument and analyzed in duplicate. The instrument 
was calibrated with iron standards of 10, 25, 100 and 250 ng/ml prepared from Atomic 
Spectroscopy Standard (Perkin Elmer Corp). 

Structure Prediction 

25 Hydropathy plots (Kyte-Doolittle) were obtained using the Genetics Computer 

Group (GCG) programs PEPTIDESTRUCTURE and PEPPLOT with an hydropathy 
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window of 14. Transmembrane amino acid segments were identified and their 
topography predicted using the programs PHDhtm 
(www.embl-heidelberg.de/predictprotein/predictprotein.html), HMMTOP 
(www.enzim.hu/hmmtop/), TMHMM (ww.cbs.dtu.dk/services/TMHMM- 1.0/), 
TMpred (www.ch.embnet.org/software/TMPRED_form.html), TopPred2 
(www.biokemi.su.se/~server/toppred2/), and SOSUI (www.tuat.ac.jp/-mitaku/). Most 
analyses predict 10 TM segments. Some predict that the first and last TM segments are 
split, and that Ferroportin contains 12 segments. Others predict that TM segments 4 and 
5 are not split and only 9 segments are present. 



10 Example 1: Observations on weissherbst Zebrafish Mutants 

Two independent autosomal recessive mutations of the zebrafish hypochromic 
blood mutant weissherbst {weh\ weh thm and weh tp85c , were isolated as part of a 
large-scale screen for ethyl nitroso urea (ENU) induced mutations that disrupt 
embryonic development in zebrafish (Haffter, P., et al, Danio rerio. Development, 

15 123:1-36, 1996). These weh mutants were identified in a morphologic screen for 

defects in circulating erythroid cells (Ransom, D.G., et al t Development, 123:31 1-319, 
1996). While the number of circulating erythroid cells of both mutant alleles are normal 
at 33 and 48 hours post fertilization (hpf), the weh mutant cells are hypochromic 
(lacking red color). Mutant embryos show little, if any, hemoglobin compared to 

20 wild-types at 33 hpf and 48 hpf (by o-dianisidine staining), but some hemoglobin is 
detectable at 72 hpf. The weh thm allele has less odianisidine staining compared to the 
weh tp85c allele at 72 hpf, suggesting that it is a more severely defective allele. In addition 
to the hypochromia, a progressive decrease in red cell number occurs after 48 hpf. By 
96 hpf, the number of circulating erythroid cells in mutants decreases to approximately 

25 20% of the number in wild-type. The weh mutant cells at days 2 (56 hpf) and 3 (80 hpf) 
have a large nucleus and basophilic cytoplasm characteristic of more immature erythroid 
cells, and on day 5 (125 hpf) the remaining mutant cells are misshapen. Further studies 
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of erythroid differentiation reveal that embryonic globin mRNA levels are abnormally 
maintained during maturation. Although weh mutants have no gross organ defects in 
addition to their anemia, all mutant embryos die between day 7 and day 14 of 
development. 

5 Given the possibility that hypochromia could result from iron deficiency, we 

measured iron levels in weh erythroid cells. The level of iron measured in 10 4 wild-type 
cells ranged from 0.093 ng to 0.208 ng (n=3), whereas the levels of iron in the same 
number of weh mutant cells ranged from 0.014 ng to 0.033 ng (n=3). The 4-9 fold 
decrease in erythrocyte iron levels could be due to low levels of iron in circulation. As 
10 confirmation of this hypothesis, iron-dextran injected intravenously into weh tp85c mutant 
embryos was shown to completely rescue hemoglobin production as seen by 
o-diansidine staining of hemoglobin. This rescue demonstrated that weh mutant 
erythroid cells are fully capable of hemoglobinization, and that the hypochromia is 
caused by inadequate circulatory iron levels. 

15 Example 2: Isolation of weh Mutant Gene 

To gain further insight into this phenotype, we isolated the weh mutant gene by 
positional cloning methods. Study of the segregation of centromeric microsatellite 
markers in half-tetrad gynogenetic diploid embryos localized weh to linkage group 9. 
Genetic mapping placed the weh locus in an approximately 6 cM interval between the 

20 random amplified polymorphic DNA (RAPD) markers 4K1300 and 6Q1300 (Fig. 1). 
We isolated more closely linked markers using amplified fragment length 
polymorphism (AFLP) analysis (Ransom, D.G., et al, pp. 195-210 in The Zebrafish: 
Genetics and Genomics, eds. Detrich, H.W.L., Westerfield, M. & Zon, L.L, Academic, 
San Diego, 1999; Vos. P., et al, Nucleic Acids Res,, 23:4407-4414, 1995), scanning 

25 approximately 10,000 polymorphic loci. Single strand conformational polymorphism 
(SSCP) analysis showed that the AFLP marker 136 was 0.13 cM proximal to the weh 
locus (Fig. 1). 
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A chromosomal walk towards the gene was initiated from the 136 marker (Fig. 
1), resulting in the identification of a critical interval that contained the weh gene (Fig. 
1). In an attempt to identify potential candidates for the weh gene, we used a 
hybridization strategy to screen cDNA libraries for genes located on the PAC clones 
5 identified in the region of the weh locus. We hybridized a radiolabeled insert of PAC 
clone 170G3 to zebrafish gridded cDNA libraries. Screening of 100,000 gridded cDNA 
clones identified 5 clones of a novel cDNA, designated WC1 for weh cDNA #1. 
Analysis of WC1 mRNA expression in embryos and sequencing WC1 from weh thm 
mutants suggested that WC1 was not a candidate for weh. Two genes, STAT1 and 

10 glutaminase, were isolated by hybridization of the zebrafish PAC clone 8714 (Fig. 1) to 
gridded cDNA libraries. The human orthologs of WC1, ST ATI and glutaminase are 
localized to human chromosome 2 in a 2.4 cM interval, demonstrating conserved 
chromosomal synteny among vertebrates (Postlethwait, J.H., et al y Nature Genet, 
18:345-349, 1998). Homology searches identified a pufferfish (Fugu rubripes) cosmid 

15 clone (121D21) that contained both WC1 and STATL This cosmid also contained Fugu 
homologs of other genes located on human chromosome 2. Using primers designed to 
the pufferfish sequence of one of these genes (121D21aB3), a 200 bp fragment of the 
zebrafish ortholog was amplified from PAC 211013. A full length cDNA (3.7 kb) of 
this gene, hereafter referred to as ferroportinl , was isolated from a zebrafish kidney 

20 cDNA library. 

This gene, ferroportinl , has a predicted open reading frame of 562 amino acids 
(Fig. 2). Sequence analysis of the weh thm allele identified a C to A nucleotide 
transversion that causes premature termination of translation at codon 361 (Fig. 2). 
Similar analysis of the weh tp85c allele identified a single amino acid change, Leul68Phe, 
25 resulting from a G to T nucleotide difference (Fig. 2). The finding of a premature stop 
mutation in weh thm strongly suggests that the weh mutant phenotype is caused by a 
defect in ferroportinl. Mouse and human ferroportinl cDNA clones were obtained by 
RT-PCR of RNA isolated from liver and placenta, respectively. A conserved sequence, 
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predicted to form a hairpin loop structure typical of iron response elements (IREs) 
(Eisenstein, R.S., etal, J. Nutr., 128:2295-2298, 1998), was identified in the 5' 
untranslated region (UTR) of the cDNAs from all three species. Based on protein 
structure prediction analysis, Ferroportinl contains at least 10 transmembrane segments 



In situ hybridization analysis of zebrafish embryos shows that ferroportinl 
mRNA is not expressed in erythroid cells. Ferroportinl mRNA is detected at 18 hpf 

10 through 48 hpf in the yolk syncytial layer (YSL). The YSL is the peripheral layer of the 
yolk cell that lies just below the membrane (Kimmel, C.B., et aL, Dev. Dyn., 203:253- 
310, 1995). This layer surrounds the entire yolk of the embryo and consists of yolk- free 
cytoplasm and nuclei. Yolk has been shown to contain nutrients needed during 
development (Richards, M.P., Poult. Sci., 76:152-164, 1997), including iron (Richards, 

15 M.P., Poult. Sci., 76:152-164, 1997; Dumont, J.N., J. Exp. ZooL, 204:193-217, 1978; 
Craik, J.C., Comp. Biochem. Physiol. A., 83:515-517, 1986). Embryos express 
ferroportinl in the region of the YSL at 18 hpf that lies just below the developing 
hematopoietic cells in the intermediate cell mass (Al-Adhami, M.A., et aL, Develop. 
Growth Differ., 19:171-179, 1977). At 48 hpf, ferroportinl is expressed in the brain 

20 and in a localized region of the YSL. Note that expression is in the same region of the 
YSL over which the blood flows (Reib, J.P., Annales D 'Embryologie et de 
Morphogenese, 6:43-54, 1973). At both time-points, ferroportinl is expressed in the 
region of the YSL adjacent to the blood, but not by the entire YSL. This pattern of 
expression suggests that ferroportinl expression and function in the YSL is linked to 

25 red blood cell development. Considering the iron-dextran rescue of hemoglobin 

production in weh mutants, the YSL expression of ferroportinl suggested that the gene 
might function in the transport of iron from the yolk to the embryonic circulation. 



5 



(Fig. 2). 



Example 3: Expression of ferropwtinl 
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To provide evidence that defects in the ferroportinl gene cause the weh mutant 
phenotype, we injected a plasmid that expresses Ferroportinl fused to green fluorescent 
protein (GFP) into the yolk cell between the 256 and 1000 cell stages (Kimmel, C.B., et 
aL, Dev. Dyn., 203:253-310, 1995). At 48 hours of development, 33% of injected 
5 embryos expressed GFP strictly in the YSL. At 80 hpf, the phenotype of mutant 
embryos expressing GFP was compared to the uninjected mutants. The 
Ferroportinl -GFP-expressing mutant embryos (n=9) had considerably more hemoglobin 
expression than uninjected mutants as observed by odianisidine staining. This partial 
rescue of the hypochromia provides further evidence that ferroportinl is the weh gene, 
10 and demonstrates that Ferroportinl acts in the YSL. The rescue of the weh mutant 
phenotype by intravenous iron-dextran injection and by Ferroportinl expressed in the 
YSL indicates that Ferroportinl functions to deliver yolk iron into the embryonic 
circulation. 

The function of Ferroportinl was tested using a Xenopus oocyte expression 
15 system. Since the proposed function of Ferroportinl is to export iron, it was necessary 
to first load the oocytes with 55 Fe. Radioactive iron loading was accomplished through 
the expression of the iron transporter DMT1 in oocytes and then loading of 55 Fe at pH 
5.5. 55 Fe loaded oocytes that expressed either DMT1 alone, or DMT1 and Ferroportinl, 
were tested for iron export activity either in the presence or absence of apo-transferrin, 
20 an iron chelator. To normalize for the iron content in each individual oocyte, the ratio 
of efflux to uptake was calculated. Our results showed that, in the presence of 
apo-transferrin, the efflux to uptake ratio in oocytes expressing Ferroportinl was five 
fold greater than control oocytes not expressing Ferroportinl (Fig. 3, P« 0.001). 

Example 4: Expression of ferroportinl in Embryonic and Adult Tissues of Mammals 
25 To evaluate a potential role for ferroportinl in iron transport in mammals, we 

examined tissue expression. Northern blot analysis showed highest levels of expression 
in human placenta, liver, spleen, and kidney. In mice, ferroportinl mRNA is expressed 
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specifically in the duodenum but not in the jejunum or ileum. Additionally, 
ferroportinl is expressed in the large intestine. Most intestinal iron absorption occurs in 
the proximal duodenum, placing ferroportinl in a physiologically appropriate location 
to play a role in intestinal iron absorption. mRNA in situ hybridization analysis was 
5 performed on sections of mouse embryos. The primitive erythroblasts derived from the 
blood islands do not express ferroportinl, whereas the trophoblast cells of the inner 
placenta express high levels of ferroportinl RNA. Ferroportinl transcripts were found 
in the inner placenta (labyrinth zone) and the trophoblast giant cells at the border 
between the outer placenta (spongiotrophoblast), but not in the maternal deciduum. 

10 Ferroportinl expression is also present in the visceral endoderm of the yolk sac 
surrounding the embryo proper. Within the embryo proper, ferroportinl transcripts 
were detected in several tissues, including the vascular plexus surrounding the central 
nervous systems, but particularly the gut and liver. The expression of ferroportinl in 
placenta, duodenum, and liver, all prominent sites of iron transport, is consistent with 

1 5 the proposed role of the gene in iron transport. 

In order to characterize the expression of Ferroportinl protein, we generated a 
specific rabbit polyclonal antibody against a Ferroportinl peptide. In the human 
placenta, Ferroportinl protein was primarily expressed in a basal location within the 
syncytiotrophoblasts. The basal surface of the syncytiotrophoblast interfaces with the 

20 fetal circulation, whereas the apical surface contacts the maternal circulation. The 

mammalian placenta and the zebrafish YSL provide a homologous function, serving as 
the site of iron transfer between mother and embryo. Taken together with the functional 
data in zebrafish and Xenopus, Ferroportinl is likely to export iron from the 
syncytiotrophoblast into the embryonic circulation. 

25 A similar analysis of mouse duodenum showed Ferroportinl staining in 

enterocytes in the villus. The intensity of staining was stronger at the tip of the villus 
compared to the crypt. Staining was particularly strong at the basolateral surface of the 
enterocyte. The duodenal enterocytes of the small intestine are polarized epithelial cells 
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that transport iron into the intestinal capillaries through the basolateral membrane. The 
mechanism of intestinal basolateral iron transport has not been established. Sex-linked 
anemia (sla) mice have a defect in basolateral iron transport in the duodenum, based on 
ferrokinetic studies and the presence of abnormal iron deposits in duodenal enterocytes 
5 (Bannerman, R.M., Fed. Proc, 35:2281-2285, 1976). Analogous to weh mutants, the 
sla mouse has a defect in transport of maternal iron to the embryonic circulation 
(Kingston, P. J., et al, Br. J. Haematol., 40:265-276, 1978). The sla phenotype is due to 
a mutation in the membrane-bound multi-copper ferroxidase gene, hephaestin (Vulpe, 
CD., et aL, Nature Genet., 21:195-199, 1999). In Saccharomyces cerevisiae, the 

10 hephaestin-like ferroxidase FET3 is required for high affinity iron uptake by the iron 
transporter FTR1 (Askwith, C, etal, Cell, 76:403-410, 1994; Stearman, R., etal, 
Science, 271:1552-1557, 1996). Expression of Ferroportinl at the basolateral surface of 
duodenal enterocytes in mouse and the multiple-transmembrane structure of the protein 
make it an excellent candidate to function as a basolateral iron transporter. 

1 5 Additional data from the weh mutant suggests that Ferroportinl functions in the 

intestine of the adult zebrafish. Both in situ hybridization studies and 
immunohistochemistry showed expression of zebrafish ferroportinl in the intestine. In 
addition, iron-dextran rescued mutant embryos live past the normal time of lethality 
(day 7-14). We have successfully raised these rescued embryos to adulthood. These 

20 fish are smaller than their wildtype siblings and have a profound hypochromic anemia. 
Since these fish eat a normal diet replete in iron, but nonetheless are severely anemic, 
these data suggest that the gene is required for intestinal iron absorption in addition to 
yolk sac transport. Based on the basolateral expression pattern of Ferroportinl in 
mammalian enterocytes and the implication that ferroportinl is required for intestinal 

25 iron transport in zebrafish, it is likely that the protein is involved in iron export from 
enterocytes in mammals. Further experiments are required to determine whether 
Ferroportinl cooperates with hephaestin in these cells. 
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Other tissues may utilize ferroportinl as an iron exporter. Very high levels of 
expression are evident in Kupffer cells of human liver, the resident macrophages of the 
liver, and macrophages located within the splenic red pulp. Hepatocytes were also 
positive by immunohistochemical staining. Ferroportinl could play a role in iron export 
5 from macrophages, a critical function in recycling of iron from senescent erythrocytes. 

While this invention has been particularly shown and described with references 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 
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